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SUMMARY 
The results of a detailed infrared study on the systems TBP (tri­
bu tyl phosphate), HNCy, TBP-HNO-j, TBP-HNO^-CGl^,, and TBP-HNO^-HgO coupled 
with phase distribution data are interpreted in terms of the molecular 
interactions taking place in the solutions. The following mechanism has 
been established for the extraction of nitric acid from an aqueous solution 
by TBP: 
(a) A strong TBP'HNO^ complex forms by hydrogen bonding at the P=0 site 
of the TBP replacing the more weakly held water of a TBP'HgO complex 
and causing the water content of the organic phase to decrease. 
(b) Past a l/l HNO-j/TBP mole ratio in the organic phase, additional 
nitric acid is present in the solution through a mechanism of 
"solubility" of nitric acid in the strong TBP«HN0^ complex. This 
solubility includes contributions from free HNO^ as well as contribu­
tions from hydrogen bonding interactions between the additional acid 
and the TBP-HNO^ complex, most probably involving the P-O-C linkage. 
However, no definite stoichiometrics could be assigned from the spec­
tral results. The water content of the organic phase, after going 
through a broad, non-zero minimum, begins to rise again due to a 
secondary mechanism of solubility. 
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INTRODUCTION 
At present, the choice of a selective solvent suitable for a given 
separation by liquid-liquid, extraction is based upon analogy or trial and 
error. No comprehensive theory or correlations exist that are reliable 
enough to serve as much more than a guide for an experimental solvent 
search. Correlations of phase equilibrium data, which are necessary 
for even the most simple engineering calculations in regard to solvent 
extraction, are largely empirical and are based upon a large amount of 
experimental data on the specific system in question. In complex or 
multicomponent systems, even these empirical correlations are difficult to 
obtain and apply. 
It was thought that a fruitful approach to these problems would be 
to study the interactions taking place in these extraction solutions 
from a molecular viewpoint rather than by trying to correlate the gross 
macroscopic properties of these solutions. It was hoped that a better 
understanding of these fundamental mechanisms by which a solvent is selec­
tive among two or more solutes would aid in the selection or synthesis of 
improved solvents and as a guide for correlation of phase equilibrium 
data for liquid-liquid systems. 
A technique which adapts itself very well to the study of these 
molecular interactions is that of infrared spectroscopy. The absorption 
bands in the infrared region correspond to the various vibrational modes 
of the molecules and may therefore be related to specific bonds and inter­
action sites on the molecules in question. Changes in frequency and in­
tensity of these absorption bands with solution aay thus be directly inter-
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pre ted in terms of the molecular interactions taking place in the solu­
tion. Thus information about specific sites on given molecules which pref­
erentially interact upon solution, the identity of the interaction partner, 
and the nature of the interaction can be obtained in a more direct manner 
than by inference from the macroscopic properties of solutions. 
The system used in this study was the tributyl phosphate (TBP) -
nitric acid - water system. This system was selected for the following 
reasons : 
(a) The interactions between the organic chain, the functional groups, 
the nitric acid, and the water are complex and considerable disa­
greement as to their nature exists in the literature. 
(b) This nitrate system is basic to extraction systems of interest in 
metals separations in general and in rare earth separations in par­
ticular. 
(c) A large amount of data are available on this and related solvent 
systems. 
The results of a detailed infrared study of this system are interpreted 
in terms of the molecular interactions taking place in the solutions 
and this interpretation is related to the macroscopic phase distribution 
data observed. 
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LITERATURE REVIEW 
Because of the importance of the tributyl phosphate systems to the 
separation of various metals by solvent extraction, much work has been done 
to determine and describe mathmatically the behavior of nitric acid in the 
fundamental TBP-HNO^-HgO system. Phase distribution data have been re­
ported in the literature by many investigators (1, 2, 8, 15, 17, 18, 21, 
22, 25, 37, 39, 40, 44, 45,. 46, 47). These data show that nitric acid 
is easily extracted into the organic phase with distribution coefficients 
on a molality basis ranging from 0.25 up to about 0.90 at the lower nitric 
acid concentrations within the range of interest for extraction systems. 
At high nitric acid concentrations, total miscibility results (45). The 
water distribution has been determined by Karl Fisher titration of the 
organic phase (2, 15, 18, 19 , 39 , 40 , 45 , 47) and by a material balance 
technique (44). Some doubt has been expressed as to the validity of the 
results of the Karl Fisher method at high acid concentrations (39) and 
there is some discrepancy between the results of the Karl Fisher method 
and the material balance method above a l/l HHO^/TBP ratio. However, 
both methods show that the water content of the organic phase initially 
decreases, passes through a non-zero minimum in the neighborhood of a 
l/l HNO^/TBP mole ratio, then increases with increasing concentration. 
In order to explain the phase distribution data and to facilitate 
its mathematical description, various molecular interactions have been 
proposed. Moore (33). Meyers and Stoughton (32), and Gresky (24) pro­
posed from an interpretation of distribution data the existence of a l/l 
HNO^/TBP complex to explain the extraction of the acid from an aqueous 
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To a TBP phase. Alcock, et al. (2) confirmed the existence of the l/l 
complex at low acid concentrations from viscosity and electrical conduc­
tivity data as well as from partitioning data involving an inert kerosene 
diluent in the organic phase. Alcock noted the possibility of such com­
pounds as TBP*2HN0^ or TBP*3HN0^ but was unable to differentiate between 
their existence and ordinary solubility. The existence of a TBP'HNO^^O 
hydrated complex was also postulated along with TBP.HgO and hydrated 
nitric acid to explain the water partitioning observed. Tuck (4-7, 48) 
has concluded from volume changes and dinsity data that, up to J.6 M 
acid in the organic phase, the extraction is due to the formation of 
TBP*HN(y by addition at the strongly polar P=0 group. >/hen this donar 
oxygen is saturated, further addition takes place at the less basic 
oxygen a ton of s. P-O-C bond; in this case the acid is assumed to be ex­
tracted as HNCy "EgO. His data are also consistent with the existence of 
the TBP'HgO complex. Collopy, et al. (8, 11) believe that the extraction 
is due to the formation of the TBP«HN0^ complex followed by solubility 
of additional nitric acid. 
Allen and DeSesa (3) interpreted their distribution data as indi­
cating the existence of a l/l and a 2/1 HNO3/TBP complex and gave values 
for corresponding equilibrium constants. Korpak and Députa (29) found 
their distribution data between water and a five per cent solution of TBP 
in mepasine were consistent with the existence of TBP.HNO^, TBP.2HNO3, TBP* 
3HN0-J, and probably TBP*4HN0^. Damiani and Fat tore (15) interpret their 
equilibrium data by postulating the existence of the following complexes: 
TBP-H20, TBP-H20-HN03, TBP-HNO^, and TBP'HzQ.ZHNO^. 
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Since the present work was started, several papers have appeared 
which utilize various forms of spectroscopy in attempts to clarify the 
nature of the molecular interactions present in the TBP-HNO^-HgO system. 
Peppard and Ferraro (39) have obtained a series of infrared spectra of 
equilibrium organic phases containing TBP, nitric acid and water. These 
spectra were obtained using a cell with silver chloride windows and a 
Model 21 Perkin-Elmer spectrophotometer with sodium chloride optics. It 
was concluded that nitric acid extracts into the TBP organic phase pre­
dominately as molecular nitric acid and that the bonding could be consid­
ered as chiefly (BuO)^P = O...HNO^. The nature of the excess nitric acid 
in the organic phase could not be evaluated. Nukada ()4) obtained infrared 
spectra of solutions of the TBP-HgO system and of equilibrium organic 
samples of the system CCl^-^TBP-HNO^-HgO. He concluded that the com­
plexes (BuO)^P * 0.. .HgO and (BuO)^P = O...HNOj were present in the re­
spective systems. Collopy and Blum (9, 11) have obtained spectral data 
in the range 260-320 m# for the system TBP-HN0^-CC1^. Their spectra for 
0.0625 M TBP in carbon tetrachloride, 0.0625 M nitric acid in carbon tetra­
chloride, and a l/l mixture (0.0625 M TBP and 0.0625 M nitric acid) are 
shown in Figure 1. These spectra show that the sum of the absorbances 
of the pure components at any wave length does not equal the absorbance 
due to the l/l mixture. The difference in the observed absorbances of 
the mixture from the sum of the absorbances of its constituents was 
attributed to the NOg group band shift and intensity changes upon complex 
formation. The method of continuous variations was used to determine 
the HNO^/TBP ratio in the complex with the results shown in Figure 2. 
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The break in the curve at 0.5 mole fraction solute indicates a l/l TBP'HNO^ 
complex provided no other complexes of significant stability exist. How­
ever, the asymmetry of the curve might indicate formation of other complex 
species in solution. Figure 3, the absorbance of the l/l complex in the 
presence of excess nitric acid, shows that after the l/l ratio is reached, 
the absorbance curve for the mixture is parallel to that of the nitric acid 
solution. Thus it was concluded that no higher complexes exist. 
Schuler (45) from a review of the literature and from distribution 
data, volume changes, density changes, proton magnetic resonance measure­
ments, near infrared spectra, and infrared spectra concluded that the 
system could be represented by the following chemical equations: 
TBP-HgO + HN03 aq = TBP«H20»HN0^ 
TBP*H20 + HNO3 aq = TBP«HN0^ + HgO aq 
TBP.HNO3 + H20 aq + HNO3 aq = TBP'HgO'ZENOj 
TBP.H20»2HN03 + KNCy aq = TBP.HgO'^HNO^ 
TBP.n20»3HN0^ + HNO^ aq = TBP*4HN0^ + H20 aq 
From values of the distribution constants derived from, the partitioning 
of the nitric acid with the assumption of only three species present in 
any one region of acid concentration, Schuler was able to calculate the 
concentration of each species as a function of aqueous acid concentration. 
The fact that complete miscibility occurs to yield a one-phase system at 
a mole ratio of HNO3/TBP slightly greater than 4/1 in the TBP-HN0^-H20 
system along with the fact that a continuous variation plot using densi­
ties of TBP-HNCy solutions peaks near 3/1 to 4/1 HNO^/TBP mole ratio was 
used to justify the existence of the higher complexes. The proton magnetic 
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resonance studies showed only one peak for solutions of anhydrous nitric 
acid in TBP; the proton exchange equilibrium among the different species 
being sufficiently rapid that a concentration average was observed. There­
fore, it was not possible to obtain experimentally the concentrations of 
the individual species although a plot of resonance position versus nitric 
acid concentration yielded a curve with a maximum and thus indicated more 
than one species. Schuler also concluded from his unpublished continuous 
variation curves constructed from near-infrared absorption spectra of 
TBP-HNO^ solutions and TBP-HNO^-H^O solutions (2282, 2308, 2350, 2450, and 
2488 bands) that the principal species in solution at moderate acid 
concentrations was the monoacid species. However, he cited the asymmetry 
of the curves as indicative of higher species, TBP'HNO^, at high concen­
trations of the acid. Schuler's continuous variation curves (1023, 1702, 
1714, 1749, 1820 m%) that indicated the presence of the species TBP*3HN0^ 
and TBP*4ENCy are shown in Figure 4; their asymmetry implied the exis­
tence of the TBP'HNO^ and TBP*2HN0^ complexes. The infrared spectra of 
the TBP'HNO^ system published by Schuler (45) are shown in Figure $A, and 
the absorbances at specific wave lengths are plotted as functions of nitric 
acid concentration in Figure 5&. The spectra were obtained in a sodium 
chloride cell and a Perkin-Elmer Model 21 spectrophotometer with sodium 
chloride optics and were presented with the following reservations : 
(l) maintenance of constant or near constant ionic strength systems for 
spectral observations was not possible, (2) the activities of all species 
in the organic phase were expected t-o change radically, (3) the corrosive 
solutions attacked cell components and resulted in measurements on solu­
tions undergoing composition changes and, (4) difficulties were encountered 
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in maintaining a sample film in the cell because of gaseous corrosion 
products. Nukada (34) has also discussed anomalous bands due to inter­
action of nitric acid with NaCl windows. Schuler interprets the shift in 
the P=0 stretching frequency from about 7*86 to 8.30 ji as well as the other 
gradual shifts in absorption frequency (e.g. in the 4ji, 12.3u, and 12.8p. 
regions) as implying that completing, as contrasted to simple dissolution, 
occurs upon addition of each increment of nitric acid. He observes the 
center of mass of the absorption at 980 to 1080 carl due to the P-O-C 
group to shift to longer wavelengths as the concentration of nitric acid 
is increased and interprets this as an indication that ester oxygens 
coordinate with molecules of nitric acid. 
More recently, Pushlenkov et al. (40) have published infrared 
spectra of the TBP-HNO^ system. Their data also confirm the existence of 
the l/l TBP-HNCy complex although their 3050 cm-1 assignment to the bonded 
OH stretching frequency conflicts with the OH assignment of Peppard and 
Ferraro (39) of Nukada (34), and of the present work. They cite the total 
absorption between 3050 and 3400 cbT^- assigned to OH stretching bands of 
nitric acid in various complexes along with their failure to detect changes 
in the P-O-C stretching region to support the proposed structure 
^ 0... 
, 0...H0N ' etc. 
z 0...H0N ^  ^ 0 
TBP = 0...HON ( ^ 0 
x 0 
Correlation methods for the phase distribution data based upon the 
l/l complex and solubility of the excess acid have been published by 
Collopy and Cavendish (10) and by Olander, et al. (37) using two adjust­
able constants (a two-phase formation constant for TBP«HN0^ and a 
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partitioning constant for excess acid). The earlier thermodynamic 
approach of Marcus (31) was basically similar. Davis (18, 20) has pub­
lished a correlation method good up to about aqueous nitric acid to­
gether with supporting phase distribution and density data consistent with 
the existence of the complexes TBP'EgO, TBP'HNO^, TBP'HNOyHgO, and TBP* 
2HNO3. 
Olander and Benedict (35) have recently published a study of ex­
traction kinetics in the TBP-EgO system and note no effects of complexing 
as would be expected if the complex TBP'EgO was formed. Their similar 
kinetic study of the extraction of nitric acid (36) indicated the major 
resistance involved was the transfer of the complexed acid from the inter­
face into the organic phase. 
11 
EXPERIMENTAL PROCEDURES 
The distribution of nitric acid and water between phases in the 
TBP-HNOyBL^O system was experimentally determined. Infrared spectra 
were taken on the following systems : TBP, HNO^, TBP-EgO, TBP-HNO3, TBP-
HNO^-SgO, and TBP-HNO^-CCl^. 
Reagent Purification 
Purified grade tributyl phosphate was obtained from the Fisher 
Scientific Company. This material was repurified as recommended by 
Kennedy and Grimley (28) through the following steps: 
1. Contact with dominerai!zed water. 
2. Wash twice with a 5/6 NaOH solution. 
3. Wash twice with demineralized water. 
4. Steam distill with a 0.5$ NaOH solution with a TBP: NaOH solution : 
distillate ratio of 3:5:2. 
5. Wash distillate once with deminerali zed water. 
6. Vacuum distill the distillate from above and take the center 
cut as the product. 
A comparison of infrared spectra before and after repurification along 
with published infrared bands of expected impurities (23) indicated that 
the only significant impurity present was a small amount of water. There­
fore, in subsequent preparations of tributyl phosphate, only the vacuum 
distillation step was retained. Tributyl phosphate was used as received 
for the phase distribution studies. 
Reagent grade nitric acid was used for phase distribution studies. 
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Anhydrous nitric acid for use in making up samples for infrared spectra 
was prepared from concentrated nitric acid by two vacuum distillations 
from concentrated sulfuric acid solution (42, 49). Titration with sodium 
hydroxide solution gave values above 99.6$ nitric acid and infrared 
results confirmed the absence of any significant amount of water. 
Reagent grade carbon tetrachloride and laboratory demineralized 
water were used in the infrared and phase distribution studies. 
Phase Distribution Studies 
The distribution of nitric acid and water between phases was deter­
mined by contacting weighed amounts of nitric acid, water, and dry TBP 
in a small separatory funnel at room temperature for a period of time 
usually exceeding 12 hours. The aqueous phase was drained off of the 
bottom, weighed by difference, and an aliquot sample titrated with sodium 
hydroxide solution on an automatic titrator to an endpoint of pH = 8.7. 
The organic phase was sampled and the nitric acid back extracted by three 
contacts with deminerali zed water after addition of hexane to aid phase 
separation. The water extracts were then titrated in the same manner 
as the aqueous phase samples. From the acid analysis, the weights of the 
solvent, acid, and water charged, the weights of each phase, and from the 
fact that the solubility of TBP in the aqueous phase is negligible (43) 
the phase distributions of both water and nitric acid could be calculated 
by material balances. 
Infrared Data 
The only satisfactory material for use as windows in the infrared 
sample cells with the corrosive nitric acid solutions was silver chloride 
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plates. Windows of sodium chloride protected by thin polyethylene film 
yielded usable spectra but accuracy was poor because of interference bands 
due to the thin files and because of polyethylene absorption bands. 
Spectra obtained with Serrofrax (arsenic trisulfide glass) windows changed 
with time and contained anomalous absorption bands presumably due to 
reaction of nitric acid with the glass or with its thin optical coating. 
Due to strong absorption bands, spectra were obtained on the full 
strength solutions from samples held as a thin capillary film between two 
flat silver chloride plates clamped in a standard cell holder. The path 
length of the light could not be exactly reproduced between different 
samples when using this capillary cell because the cell had to be dis­
assembled in order to change samples. Thus quantitative intensity data 
could not be taken. Quantitative data were taken <3n solutions of TBP 
and nitric acid in carbon tetrachloride by inserting a polyethylene or a 
teflon gasket as a spacer between the two silver chloride plates and 
drilling one window to fit the sample openings of a standard Baird cell 
holder. Teflon inserts were used for the sample inlet and outlet ports. 
Constant path lenght cells (0.0005 to 1.109 inches) were thus obtained as 
these cells could be flushed and another sample introduced without dis­
assembly of the cell. 
Infrared spectra were obtained in the region of 4000-600 cm-"'" 
wavenumbers (2.50-16.6? microns wavelength) on a Beckman Model IR-7 
grating spectrophotometer using a sodium chloride prism. Spectra of the 
repurified TBP and the anhydrous nitric acid were obtained using the 
silver chloride capillary cell. Samples of the TBP-EgO and the TBP-HNO^ 
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systems were made up by adding weighed amounts of water or nitric acid 
to dry TBP and were run in the capillary cell. Spectra of the TBP-HNO^-
HgO system were obtained on actual equilibrium samples from the phase 
distribution studies and were also run in the capillary cell. For the 
TBP-CCl^-HNO^ system, stock solutions of TBP-CCl^ and HNO^-CCl^ were 
made up to the same molarity (0.0012 to 1.005 moles solute/liter solution) 
and were then mixed in various proportions to get mole ratios of solutes 
across the range of compositions. These aamples were then run in the con­
stant path length cells. All samples involving; dry TBP and anhydrous 
nitric acid were prepared in a dry box. 
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DISCUSSION OF RESULTS 
Phase equilibrium data and infrared data have been interpreted in 
terms of the molecular interactions involved in the extraction mechanism 
of nitric acid by TBP. The interpretation of these data is discussed 
below. 
Phase Equilibrium Data 
Nitric acid distribution 
The distribution of nitric acid between water and TBP is tabulated 
in Data Sheet 1 of the Appendix and is shown plotted in Figure 6. These 
data are in essential agreement with the distribution data published in 
the literature by a number of investigators (1, 2, 8, 15, 17, 18, 21, 22, 
25* 36, 39. 40, 44, 45, 46, 47). A sample of these literature data is also 
plotted in Figure 6 for easy comparison with the present data. The nitric 
acid distribution curve of Figure 6 breaks in the neighborhood of 4-8 
molal nitric acid in the aqueous phase. Past a l/l HNO^/TBP ratio in 
the organic phase (8.59 molal nitric acid, aqueous) the distribution 
curve continues to rise but is essentially linear up to high acid concen­
trations. Above about 18 moles nitric acid per liter aqueous phase, a 
one-phase system is formed (45). 
Water distribution 
The water content of the organic phase is shown in Figure 7 as a 
function of the nitric acid molality of the aqueous phase and is tabu­
lated in Data Sheet 1. These data were obtained by the material balance 
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technique (see Experimental Procedures) and are in agreement with data 
in the literature obtained by Karl Fisher titration (2, 15, 39, 45). 
The water content of the TBP phase decreases with increasing nitric 
acid concentration, goes through a non-zero minimum at about a l/l HNO3/ 
TBP mole ratio in the organic phase (corresponding to 8.6 molal nitric 
acid, aqueous phase,), and then gradually increases. The solubility of 
water in TBP in the absence of nitric acid approximates a l/l TBP/^O 
ratio (3.76 molal, organic phase). 
Molecular interpretations 
The complex TBP*HNO^ has been proposed in the literature from phase 
distribution, conductivity, density changes, volume changes, and other 
macroscopic physical measurements (2, 8, 9, 10, 11, 15, 25, 37, 39, 44, 
45, 47) and there is general agreement as to its existence. However, the 
existence of this complex cannot alone explain the phase distribution of 
nitric acid as the data of Data Sheet 1 show that considerably more nitric 
acid than TBP exists in the organic phase on a molar basis at high acid 
concentrations. Thus higher complexes of 2/1, 3/1, and 4/l HNO^/TBP 
stoichiometrics have been proposed (2, 15, 20, 40, 45, 47) as well as 
simple solubility of additional nitric acid in the TBP»HN0<j complex 
(2, 8, 9, 10, 11, 31, 37) to account for the observed phase distribution 
of the nitric acid. However, the macroscopic physical methods have been 
unable to distinguish between the existence of these higher complexes 
and sirtple solubility. 
The water distribution of Figure 7 also presents similar diffi­
culties as to interpretation in terms of extraction mechanisms on a 
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molecular scale. The approximate l/l SgO/TBP mole ratio in water satu­
rated TBP seems to be indicative of a complex of this stoichiometry. 
The decrease in water concentration with increasing nitric acid concentra­
tion shown in Figure 7 indicates that nitric acid displaces water from the 
weaker TBP'HgO complex. However, the minimum in the curve of Figure 2 
also indicates that a second mechanism of water solubility must be impor­
tant. From the macroscopic phase distribution data alone it is not pos­
sible to determine whether this second mechanism is water associated with 
the various TBP«nHNO^ complexes or is simple solubility of water in the 
TBP'HNO^ solution. 
The infrared data discussed below aid in the interpretation of these 
phase distribution data. 
Infrared Data 
Infrared data have been taken on the systems TBP, HNO^, TBP-HNO^-
HgO, TBP-HNO^» TBP-HgO, and TBP-HNO^-CCl^» These data are presented be­
low and are interpreted in terms of the molecular interactions involved 
in the solutions. 
TBP spectra 
The infrared spectra of repurified dry TBP held as a capillary film 
between the silver chloride plates and obtained with the Beckman Model 
IR-7 recording infrared grating spectrophotometer is shown in Figure 8. 
Assignments of the various absorption bands as marked on Figure 8 were 
made with the aid of various general correlations of infrared frequencies 
in the literature (3, 10, 20) and are in agreement with assignments to TBP 
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absorption bands by other investigators (5. 3^, 45). Prominent bands 
include the CH stretching frequencies at 2965 and 2879 cm"l, the CH 
bending vibrations at 1466 and 1381 cm-1, and the P=0 stretching fre­
quency (doublet) at about 1283 cm-1. A triplet band in the region of 
975-1075 om-l is assigned to the P-O-C group. This band is not resolved 
in Figure 8 due to the intensity of the band and the thickness of the 
sample film. However, Nukada (34) has resolved this band and reports 
1059» 10271 and 991 cnT^ for the individual bands. The infrared spectra 
of TBP as a dilute solution in carbon tetrachloride (0.124 molal TBP) 
shown in Figure 14A exhibits no frequency shifts relative to spectra of 
pure TBP which are indicative of association between TBP molecules. 
TBP-HoO spectra 
Infrared spectra of a series of water solutions in TBP are pre­
sented in Figure 9 along with band assignments. Comparison of these 
spectra with that of dry TBP (Figure 8) shows two new bands centered at 
3475 cm-1 and 1640 cm~^ as well as a shift in the P=0 stretching fre­
quency from 1283 cm-1 to 1265 cm-1. two new bands, both of which in­
crease in intensity with water concentration, are assigned to the OH 
stretching and OH bending frequencies, respectively of the water mole­
cule. 
The shift in the P=0 stretching frequency by 18 wave numbers shows 
hydrogen-bonding with the water taking place at this site of the TBP 
molecule. The broadening and imperfect resolution into two bands (uncom­
pleted P=0 band and completed p=0 band) are probably due to the following 
reasons : 
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(a) The broad nature of the P=0 stretching frequency itself. 
(b) The specific but fairly weak interaction (hydrogen bond does not 
shift the completed P=0 frequency sufficiently to permit resolution 
into two distinct bands). Thus the decreasing intensity of the un­
completed P=0 band. coupled with the increasing intensity of the com­
pleted P=0 band at a lower frequency causes the apparent frequency of 
the minimum of the band to shift downward somewhat gradually. 
(c) In the absence of an inert diluent, the completed P=0 band itself 
may be a broad average band resulting from small contributions from 
interactions of the type 
Ci^qO — P — 0...H 
7 0 + H20 ^ 2 C^H„0 - P = 0. „ .HpOj 
/ I C% / 2) 
C^HqO—.P = 0...H y 
possible because of the multiple hydrogen bonding properties of 
water. 
The OH stretching and bending frequencies are close to those of 
free, liquid water thus indicating the complet formed to be a fairly 
weak TBP'HgO association complex. The lack of additional OH stretching 
and OH bending bands indicates that all of the water in the solution is 
essentially equivalent. The approximate l/l TBP/HgO stoichiometry of 
water saturated TBP and the phase distribution behavior of water in the 
TBP-HNO^-HgO system are also consistent with the infrared results and 
support the esistence of the TBP'H^O hydrogen-bonded complet. Nukada 
(34) has interpreted his recently published spectra of wet TBP as consis­
tent with the existence of a weak TBP'BgO complex. 
20 
Anhydrous HMO^ spectra 
The infrared spectrum of pur® anhydrous nitric is presented in 
Figure 10. The band assignments noted in Figure 10 were made with the 
aid of the available literature data (6, 14, 30, 42). Fundamental bands 
in the region 600-4000 cm-1 include the H-stretcbing band at about 3420 cm-1 
two NC>2 stretching bands at 1680 and 1320 cm"l, the NOl stretching band 
at 93° cm~\ and the out-of-plane deformation at 772 cm-1. The H-
bending band is also in the region of 1320 cm-1 and may be superimposed on 
the NOg stretching band in the same region. Diagrams of these vibra­
tions are shown in Figure 10. Combination and overtone bands at 3022, 
2735» and 2630 cm~^ are also identified in Figure 10. 
TBP-HNCL spectra 
The infrared spectra obtained on the system TBP-HNO^ are presented 
in Figures 11A and 11B. The characteristics of these spectra pertinent 
to the molecular interactions taking place in the solutions are discussed 
below with reference to Figures 11Â and 11B. 
The OH stretching absorption band of nitric acid which appears 
in the region of 3200-3450 cm~l in anhydrous nitric acid is shifted down 
to the region of 2550-2710 cm"l in samples containing less than a l/l 
HNO^/TBP ratio. Hydrogen bonding involving the nitric acid would decrease 
the bond strength or "force constant" of the OH band thus decreasing the 
OH stretching frequency. The magnitude of the shift as compared with 
hydrogen bonding shifts in systems of alcohols, organic acids, chelates, 
etc. reported in the literature (4, 17) is indicative of a very strong 
hydrogen bond. Past a l/l HNO^/TBP ratio, the absorbance in the region 
of 3200-34-50 cm-1 increases indicating that the OH stretching mode of 
the excess nitric acid is much different from that of the complexed nitric 
acid but not much different from that of anhydrous nitric acid. The fre­
quency of the minima of the complexed CE band plotted in Figure 12 in­
creases between l/l and 2/1 HNO^/TBP ratio. This frequency shift could 
indicate the presence of an unresolved band at a frequency slightly above 
2700 cm~l due to the OH stretch of a second complex. However, an apparent 
shift could also be caused by the 2735» 2700, 2630 cm~l overtone and 
combination bands of uncompleted nitric acid which would increase in in­
tensity with excess nitric acid. Some shift could also be ascribed to 
the changing dielectric constant of the media. 
The NOg asymmetric stretch which appears at 1675 cm-1 in anhydrous 
nitric acid appears at 1646 cm-1 for the l/l complex and again at 1675 
cm-1 for the excess acid. This frequency shift is as expected for the 
l/l complex as the two "double bonded" oxygens would be expected to have 
more single bond character in the complex, resembling the nitrate ion 
more closely, and thus have a lower force constant and a lower frequency. 
Again the frequency of the excess nitric acid is close to that of the 
anhydrous acid. 
The intensity of the CH bending absorption band of the TBP at 1395 
cm-1 increases with nitric acid concentration up to about a l/l HNO3/TBP 
ratio. This increase in intensity is probably due to the inductive 
effect of the hydrogen bonding changing the hybridization of the C-H 
bond. It is very unlikely that any completing could take place at this 
site of the TBP. 
The symmetrical HO2 stretch appears at approximately 1311 cm~^ 
for both the complexed nitric acid and the nitric acid in excess of the 
l/l ratio. This frequency is also approximately that which is observed 
for anhydrous nitric acid. This absorption band might be expected to 
shift down with hydrogen bonding as was observed for the symmetrical NOg 
stretching frequency. However, the amount of the shift might be small 
because the inductive effect must act some distance away from the hydrogen-
bonding site and is split between two equivalent, strong bonds. In effect, 
no noticable shift is evident. 
The P=0 stretching frequency shifts down as a function of HNO3/TBP 
mole ratio as shown in Figure 13. The frequency drops from the 1283 cm-1 
of pure TBP to the region of 1210 cm-1, where it remains essentially con­
stant (considering the scatter to be expected in reading the «frequency of 
the minimum of the broad P=0 stretching band) until after a l/l HNO^/TBP 
ratio is attained. Past a l/l HNO3/TBP mole ratio, the frequency gradu­
ally decreases with nitric acid concentration and appears to level off at 
about 1160 cm-1 a 6/l HNO^/TBP ratio. The plateau at about 1210 cm^ 
is consistent with the formation of a strong l/l TBP-HNO^ complex with 
this frequency characteristic of the P=0 stretching mode of the hydrogen-
bonded TBP. Also, a constant frequency of about 1215 cm-1 %%11 be noted 
below as characteristic of this complex in the TBP-HNO^-CCl^ system. The 
gradual decrease in frequency past a l/l HNO^/TBP ratio could be due to 
further complexing or to a dielectric effect of the changing medium. Addi­
tional spectra presented below will clarify this point. 
The P-O-C stretching band (triplet) in the region of 1000-1075 cm~l 
is so intense that no significant change can be noted. 
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NO* stretching frequency of nitric acid shifts from 9^5 cm-1 for 
the complexed acid down to 918 cm-1 for the excess acid. This upward fre­
quency shift is also as expected from strengthening the NO* bond upon hy­
drogen bonding. The lower frequency due to the excess acid is again close 
to the same frequency observed in the anhydrous acid. 
The characteristics of these spectra discussed above allow the 
following conclusions to be reached regarding the molecular interactions 
taking place in the solutions: 
(1) Strong hydrogen bonding between nitric acid and TBP takes place at 
the P=0 site forming a l/l complex. 
(2) The nitric acid in the solution in excess of the l/l HNO^/TBP ratio 
is spectrally different from that which is complexed. Whether this 
excess nitric acid is complexed further cannot be determined from 
these spectra alone. 
TBP-HNO^-CCljj spectra 
Quantitative infrared spectra were obtained in the constant-path-
length cells on several series of solutions of TBP and nitric acid in an 
inert carbon tetrachloride diluent. For each series, the total solute 
concentration in the carbon tetrachloride was held constant with the 
HNO^/TBP mole ratio being varied across the entire range from pure nitric 
acid to pure TBP, Reference spectra were also obtained on solutions of 
nitric acid or TBP alone in carbon tetrachloride at the same concentrations 
in moles/liter as the individual solutes in the corresponding sample sol­
utions. The total solute concentrations ranged from 0.0012 to 1.00 moles/ 
liter solution depending on the particular sample series. These 
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quantitative data were taken to determine the structures of the complexes 
present and to eliminate other possible structures. The dilute solutions 
in carbon tetrachloride provided a near-constant dielectric media and 
thus allowed decisions on which frequency shifts are due to specific 
molecular interactions and which are due to non-specific interactions or 
"dielectric effects". Also, the less intensely absorbing dilute solu­
tions allowed the use of a constant-path-length cell. The resulting 
quantitative intensity data obtained as a function of HNO^/TBP ratio made 
it possible to determine whether intensity decreases are due to destruction 
of a structure by further complexing or are due to a dilution effect only. 
The full-range infrared spectra of the TBP-HNO^-OCl^ solutions at 
0,124 moles solute/liter are shown in Figures 14A, 14B, 14C, and 14D. 
Spectra of the P-O-C stretching region at 0.0124 moles solute/liter are 
shown in Figure 14E. The absorbancee at various frequencies corresponding 
to absorption bands of interest are presented as functions of nitric acid 
mole fraction (carbon tetrachloride-free basis) in Figures 1$A through 
24A and in Data Sheet 2 of the Appendix for the full-range spectra. Sim­
ilar absorbante plots are presented in Figures 2$A through 29A and in 
Data Sheet 3 of the Appendix for frequencies of maximum absorbance in the 
P-O-C stretching region in the case of the 0.0124 mole/liter solutions. 
The absorbance of a sample is defined by the following equation: 
Iq 100 
a = log — = log 
I T 
where 
a = absorbance 
IQ = intensity of incident light 
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I = intensity of transmitted light 
T = percent transmittance 
The absorbance is proportional to the concentration of the absorbing 
species provided the Lambert-Beer law is obeyed (16). At the selected 
frequencies, the differences between the absorbances of the TBP-HNO^ 
samples and the sum of the absorbances of the TBP and nitric acid having 
the same TBP or nitric acid concentrations are plotted as functions of 
carbon tetrachloride-free nitric acid mole fractions in Figures 15B 
through 24B and are presented in Data Sheet 2 of the Appendix. All of 
the quantitative data on the TBP-HNO^-CCl^ system including reagent puri­
fication, sample preparation, infrared spectra, and absorbancy measurements 
have been run in duplicate. The resulting frequency shifts and quanti­
tative band intensity data are interpreted below in terms of the molec­
ular interactions taking place in the solutions. 
The frequency shifts of the absorption bands of interest are es­
sentially as noted previously for the TBP-HNO^ system with small differ­
ences caused by the sharper spectra of the less intensely absorbing dilute 
carbon tetrachloride solutions and the fact that nearly constant di­
electric media was maintained. Reference should be made to the spectra 
of Figures 14A, 14B, 14C, and 14D. 
The OH stretch of the complexed nitric acid appears at 2620 cm"* 
and the OH stretch of the nitric acid in excess of a l/l HNO3/TBP ratio 
appears at 3480 cm"*. The absorbance at 3480 cm"* plotted as a function 
of nitric acid mole fraction (carbon tetrachloride-free basis) in Figure 
15A increases sharply at 0.5 mole fraction, indicating the 3480 band to be 
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characteristic of the excess acid. The absorbance of the 2620 cm"* 
band (Figure 16A) increases linearly up to 0.5 mole fraction nitric acid, 
breaks sharply, and decreases, thus indicating this band to be character­
istic of the l/l TBP»HN0y, complex. The sharpness of the breaks at 0.5 
mole fraction nitric acid indicates that the equilibrium between the 
excess acid and the acid in the l/l complex is shifted radically in favor 
of the complex or, in other words, the complex is very strong. This con­
clusion is also supported by the magnitude of the shift in the frequency 
of the OH stretching band upon complexing. The position of the OH stretch­
ing band of the excess nitric acid is at exactly the same frequency as in 
anhydrous nitric acid dissolved in carbon tetrachloride, thus indicating 
the essential equivalence of the excess nitric acid and nitric acid 
dissolved in a carbon tetrachloride solution at 0.124 moles/liter con­
centration. While anhydrous nitric acid is highly associated to the dimer 
form having the structure 
(14, 26, 41), nitric acid in CCl^ solution appears from the behavior of 
the third harmonic of the OH stretching mode in the near infrared (13) 
to be strongly disassociated. A comparison of the OH stretching band of 
the anhydrous nitric acid (Figure 10) with that of the anhydrous nitric 
acid (Figure 14D) in carbon tetrachloride supports this conclusion as the 
band in the carbon tetrachloride is at a higher frequency than the broad, 
unsymmetrical band in the anhydrous acid. 
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The absorbance of the 2620 cm*** band plotted in Figure 16A as well 
as the corrected absorbance of this band plotted in Figure 16B decreases 
essentially linearly with nitric acid mole fraction after breaking sharply 
at 0*5 mole fraction nitric acid. A linear decrease shows that the de­
crease is due to dilution of the l/l TBP'HNCy complex and not due to 
destruction or change in the complex structure caused by further complet­
ing. This sharp break at 0,5 mole fraction nitric acid and essentially 
linear decrease thereafter is characteristic of the following bands which 
are all due to the complexed species: 2620 cm-1 OH stretch of complexed 
nitric acid; 1653 cm"* asymmetric NOg stretch of complexed HNO-j; 1392 cm-1 
CH bend of complexed TBP; 1215 cm"* P=0 stretch of complexed TBP; and the 
939 cm*** NO* stretch of completed nitric acid. Reference should be made 
to Figures 16A, 16B, 19A, 19B, 20A, 20B, 22A, 22B, and 23A and 2JB. Also 
Figures 14A, 14B, 14C, and 14D show that the frequency of the complexed 
P=0 stretch is constant at about 1215 cm"*. Corrections made to the data 
of Figures 14A, 14B, 14C, and 14D by subtracting out the carbon tetra­
chloride and nitric acid backgrounds revealed this constancy more clearly. 
The gradual change in the P=0 frequency past a l/l HNCy/TBP ratio ob­
served in the TBP-HNO^ system was not observed and must be due to a 
"dielectric" or non-specific effect or due to associations not taking 
place in the 0.124 molar solutions to an appreciable extent. 
Two other characteristics of the spectra of the 0.124 moles/liter 
solutions should be kept in mind and must be accounted for in clarifying 
the nature of the nitric acid in the carbon tetrachloride solution in 
excess of the l/l HNO^/TBP ratio. From Figures 15A, 15B, 24A, and 24B 
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it can be seen that the absorbances and corrected absorbances of both the 
3480 cm"* OH stretching and 889 cm""* NO* stretching bands characteristic 
of the excess acid break sharply upward as expected at 0«5 nitric acid 
mole fractions but do not seem to increase quite linearly. In addition, 
even though the asymmetric NOg stretch of the excess nitric acid appears 
as expected after a l/l mole ratio at 1686 cm-* corresponding to its 
position in anhydrous nitric in carbon tetrachloride, an additional bend 
also appears between l/l and about 3/1 HNO^/TBP mole ratio on the shoulders 
of the 1653 and 1686 cm-* bands at a frequency of 16?? cm-*. 
The concentrations in these 0.124 moles total solute/liter solutions 
of higher complexes with HNO^/TBP mole ratios greater than l/l whose 
structures would involve the hydrogen bonding of a second, third, or 
fourth nitric acid molecule to the ether-type oxygens of the TBP molecule 
seem to be very low for the following reasons and thus seem to indicate 
low stability relative to the strong l/l TBP'HNO^ complex: 
(a) The frequency and quantitative band intensity data for all bands 
characteristic of the l/l TBP»HN0^ complex show that there is little 
detectable change in the l/l complex caused by further complex!rig. 
(b) The additional NOg stretching band at 16?7 cm-1 disappears in the 
region of a 2/1 ratio thus indicating the nitric acid in possible 
3/1 and 4/l complexes would not be equivalent to that in the 2/1 
complex. This non-equivalence would be contrary to expectations and 
seems to rule out such an assignment of this second stretching band. 
(c) Additional OH stretching bands, other than the 3480 cm-1 band 
characteristic of nitric acid in carbon tetrachloride solution, are 
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not apparent after a l/l HNO^/TBP ratio unless such an assignment 
would be given to a small amount of absorbance in a broad region 
around 3100 cm-*. Since the OH stretching band is extremely sen­
sitive to hydrogen bonding if such a hydrogen bond was formed which 
had any significant strength, the OH band should shift in frequency 
or at least broaden significantly. Thus the small amount of ab­
sorbance at 3100 cm"* could be due to such further complexing but 
the concentration of the higher complexes would seem to be insig­
nificant at the 0.124 molarity concentration level. 
The P=0 stretching frequency of the complexed TBP remains essentially 
constant in the nearly constant dielectric media of the dilute carbon 
tetrachloride solutions. A significant concentration of a higher 
complex involving any strong specific interaction would be expected 
to change this frequency from that of the l/l complex even in CCl^ 
solution. 
For a second OH stretching band corresponding to the second NOg 
asymmetric stretching frequency of a higher complex to be hidden 
behind some other band or even to be assigned to the 3100 cm-1 
band would seem to require a strong hydrogen bonding interaction 
in order to shift the band this low or further into a region where 
detection would be difficult. A strong interaction would be expected 
to effect the P=0 frequency, an effect which is not present. Also 
this strong interaction would require an additional NO^ stretching 
frequency, strong changes in the quantitative intensity behavior 
of the CH bend* and radical changes in the P-O-C stretching band, 
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all effects which are not present. The spectra of the P-O-C stretch­
ing region are shown in Figure 14E at a total solute molarity of 
0.0124 moles / liter because of the intense absorption in the region. 
The corresponding absorbance versus nitric acid mole fraction (carbon 
tetrachloride-free basis) plots for frequencies of maximum absorb­
ance are shown in Figure 25A through 29A. No significant changes are 
noted in the P-O-C stretching region past a l/l HNO^/TBP mole ratio 
other than absorbance changes due to dilution. 
A possible structure for a TBP«2HN0j complex shown below: 
C4H9O 
? \ 0 
C^HpO — P = 0 • • »H — 0 — N ^  
ChHnO 
H 
0 
N 
^ w 
0 0 
can be eliminated because it would have negligible stability for the 
for the following reasons: 
(a) The P=0 stretching frequency of complexed TBP in the diluent system 
does not change. However, this constancy would require that the 
effect of the two hydrogen bonds be equivalent to that in the l/l 
complex. This in turn would require a change in character of the 
TBP'HNO^ complex which is not observed. 
(b) If the 1677 era"* asymmetrical stretching frequency was real and 
was assigned to a second complexed nitric acid, corresponding OH 
stretching and NO* stretching frequencies should be evident. The 
weak 3100 cm"* absorbance could be assigned as the second complexed 
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OH stretching band but no additional NO* stretching band is evident. 
However, the above assignments would also require the two complexed 
nitric acid molecules to not be equivalent. 
The third possibility for complexing of the excess nitric acid with 
the TBP«HNO^ complex is through the oxygens of the first complexed nitric 
acid molecule. This concept could account for the second asymmetric 
NOg stretching band if the existence of an additional OH stretching band 
and an undetected NO* stretching band were postulated. However, such 
a structure would at the very least require the asymmetric NOg stretch 
of the nitric acid in the TBP*HNO^ to change in intensity and to shift 
down in frequency. Figures 19A and 19B, as well as Figures 14A, 14B, 14C, 
and 14D definitely show that both of these effects are not present. 
Therefore, no significant importance can be assigned to such structures 
from the results of the 0.124 molarity spectra. 
In summary, the conclusions listed, below may be made about the 
nature of the interactions between TBP and nitric acid from the 0.124 
molarity data on the TBP-HNOy-CCl^ system discussed above: 
(a) The formation of a strong hydrogen-bonded complex of a structure 
<W> x 
C. HqO— P = 0,eeH N -0 
/  0 - N ^  
C4H9O 0 
is confirmed. 
(b) The following structures for higher complexes 
32 
C4H9° \ 
C^H90 ~ P = 0..«HX ^0 
/ : 
0 
V9o ffx o 
0*"\ 
<w> 
W\\ 
CjJSQO •— P = 0«»»Hv ^,0 
y  0 - N *  
C4P9O. 
CLHqO — P = 0® • *H N >,0* "Hv y^O 
/  0 - N *  0 - N ^  
c4H9O Z 0 0 
can not be detected in the 0.124 and 0.0124 molarity solutions. 
The small non-linearity in the OH stretching and NO* stretching 
absorbance plus the weak absorbance at 3100 cm~* may be due to 
weaker, non-specific interactions of the magnitude of solubility 
forces in solutions. The explanation for the manner of the shift 
of the asymmetric NO^ stretching band with the apparent presence 
of the 1677 cm"* band is not clear from the above data. 
In order to study the effects on the weaker, non-specific inter­
actions noted in the 0.124 molarity solutions» several series of spectra 
were studied at a 1.00 molarity level. This level was chosen as it was 
experimentally determined by phase equilibration and titrations that the 
solubility of nitric acid at saturation in the carbon tetrachloride-rich 
phase of the system HNO^-CClj^ is about 1.00 moles nitric acid/liter 
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solution. A 1.00 mole/liter TBP solution in carbon tetrachloride corre­
sponds to about 27.3 volume percent TBP. In all of the spectra taken at 
the 1.00 molarity level the P=0 stretching and NOg asymmetric stretching 
bands are too intense to measure across the entire HNO^/TBP ratio range 
using the minimum (0.0005 inch) path length cell made necessary by sample 
changing and flushing requirements. 
The spectra of a series of samples obtained by diluting a 1.00 
molar solution of nitric acid in carbon tetrachloride with additional 
carbon tetrachloride are shown in Figures )0A and 30B. The resulting 
absorbance versus nitric acid concentration data are shown in Figures 31» 
32 , 33 and 34 as well as in Data Sheet 4. Absorbance data for a duplicate 
series (cell path lengths slightly different) are plotted in Figures 35 
and 36 corresponding to frequencies 3480 and 892 cm"* respectively. The 
spectra of the HNO^-CCl^. series at 1.00 molar resemble very closely that 
of nitric acid in carbon tetrachloride at 0.124 molar (Figure 14D) in 
that the same absorption bands are present at essentially the same fre­
quencies and no additional bands or shifts in frequencies are apparent. 
The absorbance versus nitric acid concentration plots are essentially 
linear up to 1.00 mole/liter although there is a slight curvature or 
scatter above about 0.90 moles/liter. Therefore, the only evidence for 
association of any kind between the nitric acid molecules in the carbon 
tetrachloride is this slight curvature noted. No specific stoichiometry 
could be assigned from spectral evidence even if associations were 
postulated. 
The spectra of the TBP-HNO^-CCl^ system at a total solute concentra­
tion of 1.00 mole/liter solution are shown in Figures 37A. and 37B 
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with the resulting absorbance data plotted against mole fraction nitric 
acid in TBP (carbon tetrachloride-free basis) in Figures 38, 39» 40, 41, 
42, 43, 44, and 46. The absorbance at 3480 cm-*, the OH stretching fre­
quency of free nitric acid, breaks upward from the constant background 
absorbance at a 0.5 mole fraction nitric acid (Figure 38) but does not 
increase in a linear manner. The 892 cm-1 uncomplexed nitric acid band 
Figure 43 behaves in the same manner although the shoulder of the 939 cm-1 
NO* stretching band of the l/l complex causes the background to vary. The 
bsh&vior of these two bands seems to indicate that all of the nitric acid 
in excess of that in the l/l TBP'HNO^ complex is not free in the 1.00 molar 
total solute solutions. The absorbance of the 2620 cm-1 and the 939 cm-* 
bands characteristic of the OH stretching and NOl stretching modes of the 
l/l TBP»HN0^ are shown in Figures 39 and 42 respectively. The absorbance 
of these bands increases linearly, breaks sharply at 0.5 moles fraction 
nitric acid, and decreases in essentially a linear manner thereafter. 
This behavior again indicates the essentially quantitative formation of 
the strong l/l TBP'HNO^ complex and that these two absorption bands are 
not strongly affected by further complexing. Although the NOg stretching 
bands become too intense to measure quantitatively, it is clear from 
Figures y?k and 37B that the only asymmetrical N02 stretching bands 
are the 1653 cm-1 band characteristic of the l/l complex and the 1686 cm-1 
band characteristic of the free acid. Thus these NOg stretching bands 
also seem to be unaffected by further complexing. 
From the spectra of Figures 37A and 37% it is evident that addi­
tional absorption takes place in the OH stretching region from 3100 
to 3^80 cm-*. Although the absorption seems to occur all the way across 
this region, frequencies of two minima were rather arbitrarily selected at 
3100 cm-1 and 3300 cm-1. Absorbance versus mole fraction nitric acid 
plots at these two frequencies are shown in Figures 44 and 46 for the 1.00 
molar data «and in Figures 45 and 47 for the previous 0.124 molar data. 
All of these plots show maxima between 0.5 and 1.0 mole fraction nitric 
acid. The absorptions in these regions thus seem to be due to OH 
stretching modes of nitric acid associated in some manner. These bands 
would then account for the non-linearity of the 3480 cm-1 free OH stretch­
ing band absorbance plot (Figure 38). 
The absorbance versus nitric acid mole fraction at the 1215 cm"* 
frequency of the P=0 stretching mode of the TBP in the l/l TBP«HN0^ 
complex is shown in Figure 40. A similar plot at 1170 cm-1 where a 
second P=Q stretching frequency appears past a 0.5 mole ratio nitric 
acid is presented in Figure 41. The first curve breaks sharply at 0.5 
mole fraction acid but does not decrease linearly. If accurate, this non­
linear decrease indicates that the structure of the l/l complex is being 
changed by further complexing as far as this site of the l/l complex is 
concerned. The interaction could be taking place directly at the P=0 
site of the l/l complex. However, the absence of any large change in 
frequency or intensity of the 2620 cm-1 OH stretching band upon further 
complexing would require two acid molecules interacting at the same site 
to be uneqùivalent. However, the second nitric acid molecule interacting 
at the P-O-C linkage could cause the P=0 stretching of the TBP in the l/l 
complex to decrease by lowering the electron density in the double bond 
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by an induction mechanism. The P-O-C band itself is too intense to ob­
tain quantitative spectra except in dilute solutions. The spectra at 
1.00 molar thus do not resolve this band. However, no changes such as 
in the center of absorption of the band can be noted. 
An attempt was made to calculate equilibrium constants for a series 
of different postulated higher complexing or association reactions. The 
following four mechanisms were tried even though there is little spectral 
evidence to support most of the models: 
(a) Complexes of 2/1 and 3/l were assumed to form by the chain mechanism 
TBP = 0« e«H. ^0* • »H. 0*• • etc. 
0 - N *  0 - N x (  
0 0 
with the frequencies of the OH stretching modes being arbitrarily 
assigned as 2620, 3100 and 3300 cm"*. 
(b) Complexes of 2/1 and 3/1 were assumed to form by a branching mechan­
ism (at the P-O-C site or elsewhere) where the absorbance at 3100 
cm"* was assumed to be due to only the OH stretch of the 2/1 complex 
rather than the sum of the 2/1 and the 3/1 complex as in (a). 
(c) A 2/1 complex was assumed along with dimerization of the nitric acid. 
(d) No higher complexes along with dimerization of the excess nitric were 
assumed. 
The ratio of the molar extinction coefficients of the 3100 and 3300 
cm"* bands were then assumed equal to one and peak absorbances of the in­
completely resolved bands used. With these two questionable but necessary 
assumptions» along with the assumption that the l/l complex forms quan­
titatively, the values for equilibrium constants, K, shown in Data Sheet 9 
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of the Appendix were calculated. Details of the derivations of the 
necessary equations are also given in the Appendix. 
A simplified summary of the results is shown below with molar units 
used exclusively and where and Kg are formation constants respectively 
for the 2/l and 3/l complexes and Kq is the nitric acid dimerization 
constant: 
1.00 Molar Series 
Chain 
Mechanism 
Branch 
Mechanism 
2/1 Complex 
plus Dimerization 
Mechanism 
Dimerization 
Mechanism 
K2 12-15 7-9 —- —-
K3 
9-14 2-7 —- ~ 
KD —— 
0.124 
0.4-59 
Molar Series 
0.6-134 
K3 
kD 
2-4 
24-70 
5-9 
8-50 
Granting the validity of the various assumptions, the chain and 
branch mechanisms seem to be preferable over the other two. However, 
there is very little to choose from between the chain and branch mechan­
ism and agreement between results from the two solute molarities is not 
good. 
In conclusion, the results of the analysis of the 1.00 molar spectra 
indicate that associations do take place in the concentrated 1.00 molar 
solutions which involve the nitric acid in excess of that bound in the 
strong l/l TBP'HNO^ complex and the l/l complex itself. The exsitence 
of these interactions is supported by the non-linearity of the absorbance 
plots at the frequencies characteristic of the free acid, by the appear­
ance of additional OH stretching bands, and by the appearance of a second 
complexed P=0 stretching band. Although no stoichiometrics can be 
assigned from the spectral results, the excess acid seems to be inter­
acting with the P-O-C linkage as the OH stretching frequency of the acid 
in the l/l complex seems to be little affected except for a possible 
slight upward shift in frequency (Figure y?k and 37B). Also no evidence 
such as additional OH stretching bands is noted for association of nitric 
acid with itself whether in the form of acid in the l/l complex or in the 
fore of free acid with no TBP present. 
Two additional series of samples were run using the TBP-HNO^-CCl^ 
system in order to see if evidence could be found for the breakup of the 
strong TBP-HNO^ complex at higher dilutions. The spectra of a series 
at 0.0084 molar total solute concentration are shown in Figures 48A and 
48B and the resulting absorbance versus mole fraction (CCl^-free basis) 
nitric acid plots are presented in Figures 49 - 58. The spectra of a 
similar series at a total solute molarity of 0.0012 are shown in Figure 
59 and the resulting absorbance plots are presented in Figures 60 - 65. 
The absorbance plots of the 3480 cm-* OH stretching mode of free 
nitric acid (Figures 50 and 60) break sharply at 0.5 mole fraction nitric 
acid but show essentially constant background absorbance prior to the 
break. This behavior indicates that little free nitric acid exists, 
below a l/l HNO^/TBP ratio even in dilute carbon-tetrachloride solutions. 
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The increase in absorbance is again not quite linear past 0.5 mole fraction 
nitric acid. 
The absorbance plot at 3300 cm"* for the 0.0084 molar series (Figure 
51) shows no evidence of an additional OH absorption band at that fre­
quency. A very small amount of absorption takes place at 3100 cm"* for 
the 0.0084 molar series (Figures 48A and 45B). The absorbance plot at 
this frequency is shown in Figure 52. The very small magnitude of this 
absorbance precludes its firm interpretation as an additional OH stretch­
ing band. However, its consistency with the 1.00 molar data at this fre­
quency can be noted. 
The absorbance plots for the 0.0084 molar data at 2620 cm"* (Figure 
54), 1652 cm""'" (Figure 58), and 1396 cm-* (Figure 57) characteristic of 
the OH stretching, asymmetrical NOg stretching, and CH bending modes re­
spectively of the TBP*HN0<j complex behave in the expected manner and show 
little evidence for non-quantitative formation of the TBP»HN0^ complex. 
Similar results (Figures 62 and 63) are obtained in the complexed OH 
stretching region at 0.0012 molar although the two absorption peaks in 
this region are due to two CCl^ background bands present because of the 
thick sample cell used. 
The absorbance at the 1687 cm-* NOg stretching frequency of free 
nitric acid. (Figures 55 and 64) increases slightly up to 0.5 mole 
fraction nitric acid due to the I652 cm-* band shoulder, then increases 
sharply in the expected manner. 
Other absorbance plots of a 3700 cm-* carbon tetrachloride back­
ground band at 0.0084 molar, the 1305 cm-* NOg symmetrical stretch band 
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at 0,0084 molar, the 2975 cm™* OH stretching band at 0.0012 molar, and a 
1320 cm-* band in the KOg symmetrical stretching region at 0.0012 molar are 
presented in Figures 49, 58, 61, and 65 to aid in the interpretation of the 
dilute spectra. 
In summary of the 0.0084 and 0.0012 molar data, no evidence was 
found that indicated anything but quantitative formation of the l/l 
TBP«HN0^ complex. Only a slight indication of an additional complexed 
OH stretching band was noted. 
The conclusions listed below may be made about the nature of the 
interactions between TBP and nitric acid from the data on the TBP-HNO3-
CCl^ system: 
(a) The formation of a strong hydrogen-bonded complex of a structure 
CifpO ^ 
ChHgO —• P = 0* «.H \ 0 
^ 
C4H9O 0 
is confirmed. This complex seems to form almost quantitatively at 
total solute concentrations ranging from 0.0012 to 1.00 moles/liter 
solution. 
(b) The spectral evidence shows that both free nitric acid and nitric 
acid interacting with the TBP.HNO^ complex exists in the concentrated 
carbon tetrachloride solutions. The OH stretching, the N0g asymmetric 
stretching, and the NO* stretching bands of the free nitric acid con­
firm its presence but their non-linear increase in absorbance after 
0.5 mole fraction nitric acid shows that not all of the acid is 
accounted for as free acid. The existence of additional OH stretching 
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bands, the shift in P=0 stretching frequency past 0.5 mole fraction 
nitric acid, and the nearly uneffected frequencies and intensities 
of bands characteristic of the nitric acid in the l/l complex in­
dicate that the P-O-C linkage is involved in an interaction with the 
excess nitric acid. However, no definite stoichiometrics could be 
determined to assign to higher complexes from the spectral data. 
TBP-HNO^-H^O system 
The infrared spectra obtained on equilibrium organic phase samples 
from the TBP-HNO^-HgO system are presented in Figure 66. These data are 
easily interpreted in terms of the data on the simpler systems as no new 
effects are involved. These spectra show that the nitric acid in sol­
ution below a l/l HNO^/TBP mole ratio is spectrally different from the 
nitric acid in excess of this ratio. The initial nitric acid is clearly 
in the form of the TBP»HN0<j complex hydrogen bonded at the P=0 site and 
the spectra of the excess acid closely resembles that of anhydrous nitric 
acid (Figure 10) or of nitric acid in water (8, 9). The absorbance in 
the region of 3300-3600 cm-1 is initially due to the OH stretching mode 
of the water in the TBP'HgO complex and decreases as the water is replaced 
by nitric acid in the complex. Past a l/l HNO^/ TBP mole ratio, the ab­
sorbance in this region again increases due to soluble nitric acid and 
soluble water. Both nitric acid and water absorb in the region of 1645-
1675 cm-*. The initial absorbance below a l/l HNO^/TBP ratio is due to 
the asymmetrical NOg stretch of complexed nitric acid at about 1645 cm-* 
and the OH stretch of complexed water also at 1645 cm"*. Past the l/l 
HNO^/TBP ratio the soluble nitric acid asymmetrical stretch absorbs at 
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about 16?5 cm"* and the broad OH bending band of water is not resolved 
into two separate bands. The resultant band in this region thus shifts 
and broadens with its minimum falling at about 16?0 cm-*. The OH stretch­
ing band of complexed nitric acid is well defined in the region of 2500-
2700 cm-* as is the corresponding NO* stretching band at 956 cm-*. This 
NO* stretching band shifts down to 935 cm-*, close to the frequency found 
in anhydrous nitric acid, at high nitric acid concentrations. The P=0 
stretching frequency, which appears as a broad average band for the TBP* 
HgO and TBP-HNO^ complexes, shifts down gradually with increasing nitric 
acid concentration as shown in Figure 67 and as would be expected from 
the results of the TBP-HNO^ and 1.00 molar TBP-HNO^-CCl^ systems. 
The following conclusions in terms of the extraction mechanism are 
supported by these data: 
(a) A strong TBP-HNO^ complex forms by hydrogen bonding at the P=0 site 
of the TBP replacing the more weakly held water of a TBP'HgO complex 
and thus causing the water content of the organic phase to decrease. 
(b) Past a l/l HNO^/TBP mole ratio, additional nitric acid is present in 
the solution through a mechanism of solubility which involves inter­
actions of the excess acid with the P-O-C linkages, thus causing the 
P=0 stretching frequency to shift below the approximate 1215 cm-1 
characteristic of the strong l/l complex. The interaction of the 
excess acid with the TBP*HN0^ complex is much weaker than that in­
volved in the formation of the TBP-HNO^ complex itself. No specific 
stoichiometrics can be assigned to higher complexes from spectral 
considerations. The spectra of the excess acid resembles closely 
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that of anhydrous nitric acid or of nitric acid in water and the 
interactions are undoubtedly very similar. The water content of the 
organic phase, after going through a non-zero minimum begins to rise 
again by a similar mechanism of solubility in the TBP-HNO^ and nitric 
acid solution. 
44 
CONCLUSIONS 
The phase distribution data and the results of the infrared study 
support the following conclusions : 
(1) A strong TBP'HNO^ complex forms by hydrogen bonding at the P=0 site 
of the TBP. This conclusion is consistent with the phase distribu­
tion data and is established by the spectral changes observed in the 
systems TBP-HNO^, TBP-HNO-j-CCl^, and TBP-HNO^-HgO. Such changes are 
the frequency shifts from 3480 to 2620 cm-* for the OH stretch, from 
1686 to 1653 cm™* for the asymmetric NOg stretch, from 889 to 939 cm-* 
for the NO* stretch, and from 1283 to 1215 cm-* for the P=0 stretch 
in the TBP-HNO^-CCl^ system with parallel shifts noted in the TBP-
HNO^ and the TBP-HNO^-HgO systems. Bands due to the complexed acid 
could be easily identified by comparison with the spectra of the 
pure constituents and by their intensity variation with HNO3/TBP 
ratio. 
(2) Excess nitric acid can exist in solution over and above that of a 
l/l TBP'HNO^ complex. Interactions in the concentrated solutions of 
the systems TBP-HNO^, TBP-HN0^-CC14, and TBP-HNO^-HgO were noted from 
spectral results between the excess nitric acid and the TBP»HN0^ 
complex. In the concentrated solutions of the TBP-HNO^-CClk system 
the existence but non-linear increase in absorbance of the bands 
characteristic of the free acid showed that some of the free acid 
was present but could not account for all of the excess acid. The 
existence of additional OH stretching bands, the shift in P=0 stretch­
ing frequency past a l/l HNO^/TBP mole ratio, and the nearly 
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unaffected frequencies and intensities of bands characteristic of 
the nitric acid in the l/l complex indicate that the P-O-C linkage 
is involved in an interaction with the excess acid. However, no 
definite stoichiometrics could be assigned to higher complexes and 
the spectra of the excess acid in the TBP-HNO^ and TBP-HNO^-HgO 
systems resemble closely those of anhydrous nitric acid or of aqueous 
nitric acid respectively. Therefore, although hydrogen bonding 
interactions take place between the TBP'HNO^ and the excess nitric 
acid, no practical improvement over the term "solubility" is apparent. 
The distribution data indicate two mechanisms are important in the 
extraction of water. The first mechanism is the formation of a 
weak TBP»HgO complex with free TBP; the second mechanism is that of 
simple "solubility" of water in the strong TBP»HNO^-free nitric acid 
solution. The infrared results of the system TBP'HgO and TBP-HNO^-
HgO are consistent with this interpretation. The net effect of these 
two mechanisms is that the initial displacement of water from the 
weaker TBP»HgO complex by nitric acid causes a decrease in the water 
content of the organic phase. However, the increasing solubility of 
water in the TBP«HNO^-free HNO-j solution causes the water content of 
the organic phase to rise after going through a broad, non-zero 
minimum in the region of a l/l HNO^/TBP mole ratio. 
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APPENDIX 
Figures, Data Sheets, and Derivations of Equations 
Figure 1. Absorption spectra of the system TBP-HNCk-CClj, in the range 
260-320 mu. Collopy and Blum (9) 
Curve A: 0.0625 M associated HNO^ in CCl^ 
Curve B: 0.0625 M associated HNO^ and 0.0625 M TBP in CCl^ 
Curve C: 0.0625 M TBP in CCl^ 
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Figure 2. Continuous variation plots for TBP-HNO^-CCIN system at 286 
and 298 mu. Collopy and Blum (9) 
Curve A: 298 mu 
Curve B: 286 mu 
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Figure 3» Absorbances of the l/l complex in the presence of excess HNOo 
(290 and 295 mu)• Collopy and Blum (9) 
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Curves A and B: Associated HNO-j plus TBP in CCl^ 
Curves C and D: Associated HNO^ in CCl^ 
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Figure 4. Near-infrared absorbance of HNOo-TBP solutions at 1.0, 
1.7-1.8 u. Schuler (45) 
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Figure 5A. Infrared spectrum of anhydrous HNCy in TBP. Schuler (45) 
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Figure $B. Infrared absorbance of anhydrous HNCL-TBP solutions. 
Schuler (45) 
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Figure 6. Nitric acid distribution in TBP-HNO^-HgO system, 
O Schoenherr (44) 
» Peppard and Ferraro (39) 
—. — Collopy (8) 
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Figure ?. Water distribution in TBP-HNO^-HgO system 
o Schoenherr (44) 
e Schuler (45) 
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Figure 8. Infrared spectra of TBP. Capillary cell 
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Figure 9« Infrared spectra of TBP-HgO system. 
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Figure 10« Infrared spectra of anhydrous HNOy Capillary cell 
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Figure 11A. Infrared spectra of TBP-HNO^ systems 0.1814 - 1.522? HNO3/TBP mole ratio. 
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Figure 11B» Infrared spectra of TBP-HNO^ system; 
Capillary infrared cell. 
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Figure 12. Frequency of minimum of the complexed OH stretching band 
a function of HNO^/TBP mole ratio 
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Figure 13. Frequency of P=0 stretching band in TBP-HNO^ system as a function of HNO^/TBP 
mole ratio 
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Figure 14 A. Infrared spectra of TBP-HNO^-CCl^ system: 0.00 to 1.15 HNO^/TBP mole ratio 
Mole fraction (CCl^-free basis) 
Curve HNCh TBP 
A 0.000 1.000 
B 0.100 0.900 
C 0.200 0.800 
D 0.300 0.700 
E 0.400 0.600 
F 0.450 0.550 
G 0.500 0.500 
H 0.525 0.475 
Total solute molarity in CCl^ solution: 0.124 moles/liter; constant-path-length 
infrared cell; successive spectra offset ten percentage units 
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Figure 14B. Infrared spectra of TBP-HNO»-CClh system: 1.15 to 2.33 HNO3/TBP mole ratio 
Mole fractions (CCl^-free basis) 
Curve HNOi TBP 
H 0.525 0.475 
I 0.550 0.450 
J 0.575 0.425 
K 0.600 0.400 
L 0.625 0.375 
M 0.650 0.350 
N 0.675 0.325 
0 0.700 0.300 
Total solute molarity in CCl^ solution: 0.124 moles/liter; constant-path-length 
infrared cell; sucessive spectra offset ten percentage units 
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Figure 14C. Infrared spectra of TBP-HNO^-CCl^ system: 2.33 to 4.71 HNO3/TBP mole ratio 
Mole fraction (CCI^-free basis) 
Curve HNO9 TBP 
0 0.700 0.300 
P 0.725 0.275 
Q 0.750 0.250 
R 0.775 0.225 
S 0.800 0.200 
T 0.825 0.175 
Total solute molarity in CCl^ solution: 0.124 moles/liter; constant-path-length 
infrared cell; successive spectra offset ten percentage units 
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Figure 14D. Infrared spectra of TBP-HNO^-CCl^ system: 4.71 to HWO^/TBP mole ratio 
Curve 
Mole fraction (CCl^-free basis) 
HNOo TBP 
T 
U 
V 
W 
0.825 
0.900 
0.950 
1.000 
0.175 
0.100 
0.050 
0.000 
Total solute molarity in CCI. solution: 0.124 moles/liter; constant-path-length 
infrared cell; successive spectra offset twenty percentage units 
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Figure 14E. Infrared spectra in P-O-C stretching region of TBP-HNO3-
CClh system 
Mole fraction HNO3 Mole fraction HNO3 
Curve (CCI,;-free basis) Curve (CClij-free basis) 
A 0.000 I 0.600 
B 0.100 J 0.650 
C 0.200 K 0.700 
D 0.300 L 0.750 
E 0.400 M 0.800 
F 0.450 N 0.850 
G 0.500 0 0.900 
H 0.550 P 0.950 
I 0.600 Q 1.000 
R Reference CCI4 
Total solute molarity in CCI. solution: 0.0124 moles/liter; 
Constant-path-length infrared cell; successive spectra off­
set ten percentage units 
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Figure 15A. Absorbance versus HNOo mole fraction (CClj^-free basis) 
for TBP-HNO^-CCl^ system; 0.124 moles/liter: uncomplexed 
OH stretching frequency, 3480 cra-1 
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Figure 16A, Absorbance versus HNOo mole fraction (CCl^-free basis) 
for TBP-HNO^-CCl^ system; 0.124 moles/liter: complexed 
OH stretching frequency, 2620 cm-* 
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Figure 1?A. Absorbance versus HNOo mole fraction (CCl^-free basis) 
for TBP-HNO3-CCI4. system; 0.124 moles/liter: uncomplexed 
asymmetric NOg stretching frequency, 1686 cm"* 
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Figure 18A. Absorbance versus HNO3 mole fraction (CCl^-free basis) 
for TBP-HNO^-CCl^ system; 0.124 moles/liter: second un-
complexed asymmetric NOg stretching frequency, 1677 car* 
100 
1.2 
4P 1.0 
LU 
O 
z 
g 0.8 
8 
00 
< 
Ld 
q! 0.6 
5 
< (Z) 
0.4 
0.2 
o 
o 
0° ° O o 
o 
o 
o 
o 
o o 
t QI 1——i 1 J ii . . 
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 10 
MOLE FRACTION HN03 IN TBP (CCI4 FREE BASIS 
Figure 19A. Absorbance versus HNO- mole fraction (CCl^-free basis) 
for TBP-HNOo-CClh system; 0.124 moles/liter: complexe# 
asymmetric NOg stretching frequency, 1653 cm""* 
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Figure 20A. Absorbance versus HNOc mole fraction (CCl^-free basis) 
for TBP-HNO0-CCI4 system; 0.124 moles/liter: OH bending 
frequency of TBP, 1392 cm-1 
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Figure 21A. Absorbance versus HN0« mole fraction (CCl^-free basis) 
for TBP-HNOo-CClij. system; 0.124 moles/liter: uncompleted 
P=0 stretching frequency, 1283 cm""* 
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Figure 22A. Absorbance versus HNO-» mole fraction (CCl^-free basis) 
for TBP-HNO0-GCI4 system; 0.124 moles/liter: complexed 
P=0 stretching frequency, 1215 cm-* 
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Figure 23A. Absorbance versus HNOo mole fraction (CCl^-free basis) 
for TBP-HNO3-CCI4 system; 0.124 moles/liter: complexed 
NO* stretching frequency, 939 cm-* 
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Figure 24A. Absorbance versus HNO3 mole fraction (CCl^-free basis) 
for TBP-HNO3-CCI4. system; 0.124 moles/liter: uncompleted 
NO* stretching frequency, 889 cm-* 
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Figure 25A. Absorbance versus HNOo mole fraction (CCl^-free basis) 
for TBP-HNO0-CCI4. system in P-O-C stretching region: 980 
cm-*. Total solute molarity: 0.0124 moles/liter 
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Figure 26 A. Absorbance versus HNO3 mole fraction (CCl^-free basis) 
for TBP-HNOo-CCl^ system in P-O-C stretching region: 1005 
cm"**. Total solute molarity: 0.0124 moles/liter 
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Figure 2?A. Absorbance versus HNOo mole fraction (CCl^-free basis) 
for TBP-HNO3-CCI4 system in P-O-C stretching region: 1029 
cm-*. Total solute molarity: 0.0124 moles/liter 
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Figure 28A. Absorbance versus HNOo mole fraction (CCl^-free basis) 
for TBP-HNO3-CCI4 system in P-O-C stretching region: IO65 
cm"*. Total solute molarity: 0.0124 moles/liter 
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Figure 29A. Absorbance versus HNOo mole fraction (CC14—free basis) 
for TBP-HNO3-CCI4 system in P-O-C stretching region: 1109 
cm-*. Total solute molarity: 0.0124 moles/liter 
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Figure 1$B* Corrected absorbance versus HNOo mole fraction (CCI.-free 
basis) for TBP-HNO3-CCI4, system; 0.124 moles/liter: un­
completed OH stretching frequency, 3480 cm-1 
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Figure 16B. Corrected absorbance versus HNO- mole fraction (CCl^-free 
basis) for TBP-HNO^-CCl^ system; 0.124 moles/liter: Com­
pleted OH stretching frequency, 2620 cra-1 
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Figure 1?B. Corrected absorbance versus HNO« mole fraction (CCl^-free 
basis) for TBP-HNCL-CCl^ system; 0,124 moles/liter: Un-
complexed asymmetric NO^ stretching frequency, 1686 cra-1 
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Figure 18B. Corrected absorbance versus HNOo mole fraction (CCl^-free 
basis) for TBP-HNO^-CCl^ system; 0.124 moles/liter; second 
uncompleted asymmetric NOg stretching frequency, 1677 cm-1 
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Figure 19B. Corrected absorbance versus HNO« mole ratio (CCl^-free 
basis) for TBP-HNCL-CCl^ system; 0.124 moles/liter: com. 
plexed asymmetric NOg stretching frequency, 1653 cm~l 
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Figure 20B. Corrected absorbance versus HNO» mole fraction (CCl^-free 
basis) for TBP-HNOc-CClr system; 0.124 moles/liter: CH 
bending frequency of TBP, 1392 cm"^ 
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Figure 21B. Corrected absorbance versus HNCL mole fraction (CCl^-free 
basis) for TBP-HNOo-CCl^ system! 0.124 moles/liter: un-
complexed P=0 stretching frequency, 1283 cm-1 
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Figure 22B. Corrected absorbance versus HNCL mole fraction (CCl^-free 
basis) for TBP-HNOo-CClJ#. system] 0.124 moles/liter: com­
pleted P=0 stretching frequency, 1215 cm-1 
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Figure 23B. Corrected absorbance versus HNO3 mole fraction (CC14-free 
basis) for TBP-HNO^-CCl^ system; 0*124 moles/liter: com­
pleted N(P- stretching frequency, 939 cm-* 
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Figure 24B. Corrected absorbance versus HNO« mole fraction (CCl^-free 
basis) for TBP-HNO0-CCI4 system; 0*124 moles/liters un­
completed NO*- stretching frequency, 889 cm-1 
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Figure 30A. Infrared spectra of HNO^-CCl^ system 
Curve HNOg Molarity 
A 0.00 
B 0.20 
C 0.40 
D 0.50 
E 0.60 
Cons tant-path-length infrared cell; successive spectra offset ten percentage units. 
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Figure 30B. Infrared spectra of HNO^-CCl^ system 
Curve HNOj Molarity 
F , 0.70 
G 0.75 
H 0.80 
I 0.85 
J 0.90 
K 1.00 
Constant-path-length infrared cell; successive spectra offset ten percentage units 
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Figure yi» Absorbance versus HNO3 mole fraction (CCI^-free basis) for 
HHO0-CCI4 system; 1.00 moles/liter: OH stretching frequency, 
3480 cnr* 
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Figure 32. Absorbance versus HNCL mole fraction (CCl^-free basis) for 
HNO^-CCl^ system; 1.00 moles/liter: asymmetric NOg stretch­
ing frequency, 168? cm-1 
150 
< 10-
MOLARITY HN03 IN CCI, 
Figure 33. Absorbance versus hnoo mole fraction (CCl^-free basis) for 
HNOo-CClj^ system; l.Ou moles/liter: symmetrical NOo stretch­
ing frequency, I305 cm-1 
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Figure 34. Absorbance versus HNO« mole fraction (CCl^-free basis) for 
HHO^-CClh system; 1.00 moles/liter: NOl stretching fre­
quency, 892 cm-1 
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Figure 35» Absorbance versus HNO3 mole fraction (CCL^-free basis) 
for HNO0-CCI4 system; duplicate series; 1.00 moles/liter 
OH stretching frequency, 3480 cm"-'-
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Figure 36. Absorbance versus HNO- mole fraction (CCl^-free basis) for 
HNOo-CCl^ system; duplicate series; 1.00 moles/liter: N0^ 
stretching frequency, 892 cm-1 
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Figure 37 A. Infrared spectra of TBP-HNO^-CCl^ system 
Mole Fraction (CClj^-Free Basis) 
Curve HN(y TBP 
A 0.00 1.00 
B 0.10 0.90 
C 0.20 0.80 
D 0.30 0.70 
E 0.40 0.60 
F 0.45 0.55 
G 0.50 0.50 
H 0.55 0.45 
Total solute molarity in CCI4 solution: 1.00 moles/liter; constant-path-length 
infrared cell; successive spectra offset ten percentage units 
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Figure J?B. Infrared spectra of TBP-HNOyCCl^ system: mole ratio 
Mole Fraction (CCl^-Free Basis) 
Curve HNO3 TBP 
I 0.60 0.40 
J 0.65 0.35 
K 0.70 0.30 
L 0.75 0.25 
M 0.80 0,20 
N 0.85 0.15 
0 0,90 0.10 
P 1.00 0.00 
Total solute molarity in CCl^ solution: 1.00 moles/liter; constant-path-length 
infrared cell; successive spectra offset ten percentage units 
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Figure 38. Absorbance versus HNOo mole fraction (CCl^-free basis) 
for TBP-HNOo-CCl^ system; 1.00 mole/liter: uncomplexed OH 
stretching frequency, 3480 cm"-'-
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Figure 39• Absorbance versus HNOo mole fraction (CCl^-free basis) for 
TBP-HNO^-CCl^ system; 1.00 mole/liter: compiexed OH stretch­
ing frequency, 2620 cm-1 
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Figure 40. Absorbance versus HNOq mole fraction (CCl^-free basis) for 
TBP-HNO^-CCljj. system; 1.00 mole/liter: complexed P=0 stretch­
ing frequency, 1215 cm-1 
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Figure 41. Absorbance versus HNO- mole fraction ( CCl^-free basis ) 
for TBP-HNO^-CCl^ system; 1.00 mole/liter: second complexed 
P=0 stretching frequency, 1170 cm-1 
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Figure 42. Absorbance versus HNOo mole fraction (CClh-free basis) 
for TBP-HNO0-CCI4 system; 1.00 mole/liter: completed NCr-
stretching frequency, 939 cm"1 
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Figure 43. Absorbance versus HN(L mole fraction (CCl^-free basis) 
for TBP-HNO.-CCl^ system; 1.00 sole/liter: uncomplexed 
NO1 stretching frequency, 892 cm-1 
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Figure 44. Absorbance versus HNCL mole fraction (CCl^-free basis) for 
TBP-HNO0-CCI4, system; 1*00 mole/liter: additional OH 
stretching frequency, 3100 cm-1 
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Figure 45. Absorbance versus HNOc mole fraction (CCl^-free basis) 
for TBP-HNOo-CCl^ system; 0.124 mole/liter: additional OH 
stretching frequency, 3100 cm-1 
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Figure 46. Absorbance versus HNOo mole fraction (CCl^-free basis) for 
TBP-HNO^-CCl^ system; 1.00 mole/liter: additional OH 
stretching frequency, 33°0 cm"! 
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Figure 4?. Absorbance versus HNOo mole fraction (CCl^-free basis) 
for TBP-HNO0-CCI4 system; 0.124 mole/liter: additional 
OH stretching frequency, 3300 cm-1 
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Figure 48A. Infrared spectra of TBP-HNO^-GCl^ system 
Mole Fraction (CCl^-Free Basis) 
Curve HNOg TBP 
A 0.60 0.40 
0.55 0.45 
B 0.50 0.50 
C 0.45 0.55 
D 0.40 0.60 
E 0.30 0.70 
F 0.00 1.00 
Total solute molarity in CCl^ solution: 0.0084 moles/liter; constant-path, 
length infrared cell; successive spectra offset ten percentage units 
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Figure 48B. Infrared spectra of TBP-HNO-3-CCI4 system 
Mole Fraction (CCl^-free basis) 
Curve HNCy TBP 
H 1.00 0.00 
I 0.90 0.10 
J 0.85 0.15 
K 0.80 0.20 
L 0.75 0.25 
M 0.70 0.30 
N 0.65 0.35 
Total solute molarity in CCl^ solution: 0.0084 moles/liter; constant-path-
length infrared cell; successive spectra offset ten percentage units 
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Figure 49. Absorbance versus HNO« mole fraction (CCl^-free basis) for 
TBP-HN0--CC1/, system; 0.0084 moles/liter CCI4 background 
frequency, 3700 cm-1 
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Figure 50. Absorbance versus HNOo mole fraction (CCl^-free basis) for 
TBP-HNOo-CCl^ system; 0.0084- moles/liter: uncomplexed OH 
stretching frequency, 3480 cm-1 
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Figure 51 • Absorbance versus HNO~ mole fraction (CCl^-free basis) for 
TBP-HNO^-CCli), system; 0,0084 moles/liter: additional OH 
stretching frequency, 3300 cm-1 
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Figure 52. Absorbance versus HNOo mole fraction (CCl^-free basis) for 
TBP-HNO0-CCI4 system; 0.0084 moles/liter: additional OH 
stretching frequency, 3100 cm"1 
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Figure 53• Absorbance versus HNOo mole fraction (CCl^-free basis) for 
TBP-HNO3-CCI4, system; 0.0084 moles/liter: OH stretching 
frequency, 2960 cm-1 
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Figure 54. Absorbance versus HNO« mole fraction (CCl^-free-basis) for 
TBP-HNO0-CCI4 system, 0.0084 moles/liter: complexed OH 
stretching frequency* 2620 cm""1 
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Figure 55» Absorbance versus HNCU mole fraction (CGI.-free basis) for 
TBP-HNOyCCl^ system; 0.0084 moles/liter: uncomplexed 
asymmetrical NOg stretching frequency, 168? cm-1 
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Figure 56. Absorbance versus HNOo mole fraction (CCI.-free basis) for 
TBP-HNOo-CCl^ system; 0.0084 moles/liter: completed asym­
metrical NOg stretching frequency, 1652 cm~^ 
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Figure 57» Absorbance versus HNO~ mole fraction (CCl^-free basis) for 
TBP-HNOo-CCl^ system; 0.0084 moles/liter: CH bending fre­
quency, 1396 cm-1 
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Figure 58. Absorbance versus HNO- mole fraction (CCl^-free basis) for 
TBP-HNOg-CCljj, system; 0.0084 moles/literî S02 symmetrical 
stretching frequency, 1305 ca-1 
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Figure 59• Infrared spectra of TBP-HNO^-CCl^ system 
Curve HNOo TBP 
A 0.00 1.00 
B 0.25 0.75 
C 0.40 0.60 
D 0.50 0.50 -z3 
E 0.60 0.4O % 
F 0.75 0.25 
G 1.00 0.00 
Total solute molarity in CCl^ solution: 0.0012 moles/liter; oonstant-path-length 
infrared cell; successive spectra offset ten percentage units 
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Figure 60. Absorbaace versus HNOo mole fraction (CCl^-free basis) for 
TBP-HML-CCL system; 0.0012 moles/liter: uncomplexed OH 
stretching frequency, 3480 cm-1 
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Figure 61. Absorbance versus HNOo mole fraction (CCl^-free basis) for 
TBP-HNO -CClj, system; 0.0012 moles/liter: GH stretching 
frequency, 2975 cm-1 
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Figure 62. Absorbance versus HNOn mole fraction (CGl^-free basis) for 
TBP-HNOo-CCl^ system; 0.0012 moles/liter: CCl^ absorption 
band in complexed OH stretching region, 2?40 cm""-'-
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Figure 63. Absorbance versus HNOo mole fraction (CCl^-free basis) for 
TBP-HNOo-CClj, system; 0.0012 moles/liter: CCI4 absorption 
band in compïexed OH stretching region, 2600 cm-1 
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Figure 64. Absorbance versus HNO-a mole fraction (CCl^-free basis) for 
TBP-HSO^-CCl^ system; 0.0012 moles/liter: uncomplexed NOg 
asymmetrical stretching frequency, 1685 cm-1 
218 
1.00 
0.80-
® 0.60 
0.60 0.80 1.00 
MOLE FRACTION HNOg IN TBP (CCI4 FREE BASIS) 
Figure 65. Absorbance versus HN(L mole fraction (CŒL-free basis) for 
TBP-HNO^-CCl^ system; 0.0012 moles/liter: uncomplexed NOg 
stretching frequency, 1320 cm-1 
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Figure 66. Infrared spectra of equilibrium organic phase samples from TBP-HNCL-HLO system: 
0.313-1.942 HNO^-TBP mole ratio 
Mole Fractions Mole ratios 
Curve TBP HNOQ 22° HNOyTBP HgO/ffl!03 
A 0.4486 0.1405 0.4410 0.3131 0,9261 
B 0.4178 0.1958 0.3865 0.4686 1.9741 
C 0.2673 0.3124 0.4203 0.7431 0.8560 
D 0.2383 0.3531 0.4086 0,8642 0,6750 
E 0.3954 0.3840 0.2206 0.9713 0.5743 
F 0.2929 0.4847 0.2224 1.654? 0.4589 
G 0.2744 0.5130 0.2126 1.8695 0.4144 
H «0 — 1 •••ee ——— 1.9424 
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Figure 6?. P=0 stretching frequency as a function of HNCU/ TBP mole 
ratio in the system TBP-HNO^-SgO 
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Data Sheet 1. Phase equilibrium data, TBP-HNO^-HgO system 
Sam- Organic phase 
pie Weight fraction Mole fraction Mole ratio 
no. HNO3 H2O TBP HNOO H2O TBP HNO3/TBP HGO/TBP H2O/HNO3 
1 0.00172 0.05838 0.9399 0.004018 0.4769 0.5190 0.007742 0.9189 II8.6909 
2 0.03150 0.05762 0.9109 0.07017 0.4493 0.4803 0.1461 0.9355 6.4030 
3 0.4893 0.06001 0.89106 0.1042 0.4472 0.4488 0.2322 0.9964 4.2917 
4 0.06520 - - 0.1405 0.4110 0.4486 O.313I 0.9162 2.9261 
5 0.07450 0.05732 0.86818 0.1551 0.4173 0.4276 0.3627 0.9759 2.6905 
6 0.09440 - - 0.1958 0.3865 0.4178 0.4686 0.9250 1.9741 
7 0.1030 0.05209 0.84491 0.2123 0.3756 0.4121 0.5152 0.9114 1.7692 
8 0.1453 - - 0.3124 0.4203 0.2673 0.7431 O.636I O.856O 
9 0.1644 - - 0.3801 0.4086 0.2383 0.8642 0.5833 0.6750 
10 0.1786 0.02972 0.79168 0.3801 0.2212 0.3987 0.9533 0.5548 0.5820 
11 0.1813 - - 0.3840 0.220# 0.3954 0.9713 0.5579 0.5743 
12 0.1881 0.02042 0.7915 0.4210 0.1598 0.4192 1.0043 0.3812 0.3796 
13 0.1968 0.1976 0.7834 O.436I 0.1531 0.4108 1.0616 O.3727 0.3511 
14 0.2020 0.02050 0.7775 0.4414 0.1566 0.4020 1.0980 0.3896 0.3548 
15 0.2077 0.02134 0.7710 0.4469 0.1608 0.3925 1.1386 0.4097 0.3598 
16 0.2148 0.01942 0.7658 0.4630 0.1464 0.3906 1.1854 0.3748 0.3162 
17 0.2231 0.02089 0.7560 0.4696 0.1539 0.3764 1.2476 0.4089 0.3277 
18 0.2385 0.02233 0.7392 0.4852 0.1589 0.3559 1.3633 0.4465 0.3275 
19 0.2477 0.02340 0.7289 0.4934 0.1630 0.3436 1.4360 0.4744 0.3304 
20 0.2467 0.02515 0.7289 0.4934 0.1630 0.3436 1.4360 0.4744 0.3304 
21 0.2649 0.02650 0.7086 0.5043 0.1764 0.3193 1.5794 0.5525 0.3498 
22 0.2649 0.02573 0.7094 0.5066 0.1723 0.3210 1.5782 0.5368 0.3401 
23 0.2715 - - 0.4847 0.2224 0.2929 1.6547 0.7593 0.4589 
24 0.2859 0.02937 0.6847 0.5192 O.I865 0.2943 1.7642 0.6337 0.3592 
25 0.2898 0.02902 0.68218 0.5276 0.1785 0.2939 1.7952 0.6073 0.3383 
26 0.2888 0.03341 0.6778 0.5101 0.2066 0.2833 1.8006 0.7283 0.4050 
27 0.2960 - - 0.5130 0.2126 0.2744 1.8695 0.7747 0.4144 
28 0.2967 0.02981 O.6735 O.5292 0.1861 0.2844 1.8618 0.6544 0.3515 
Data Sheet 1 (Continued) 
Sam­
ple 
no. HNO3 
Organic phase 
Molality Wt. fraction 
Aqueous phase 
Mole fraction 
H2O TBP HNO, H2O HNO, H2O 
Molality 
HN02 
Material bal. 
56 Error HNO3 
Out/in# in TBP8-
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
0.0293 
0.5163 
0.8166 
1.1061 
1.277 
1.6548 
1.822 
2.6752 
3.1218 
3.450 
3.5140 
3.6770 
3.8888 
4.0167 
4.1602 
4.3417 
4.5582 
4.9589 
5.141 
5.1992 
5.7172 
5.7210 
5.9130 
6.3530 
6.475 
6.4468 
6.6707 
6.6931 
3.444 
3.279 
3.547 
3«375b 
3.05^ 
58.7217 
38.3870 
30.7122 
24.7298 
20.4559 
1.70b 14.2696 
1.158 
1.120 
1.163 
1.2114 
1.100 
1.185 
1.458 
1.33b 
1.433 
1.512 
1.467 
1.680 
1.60b 
1.920 
14.2540 
13.5805 
13.1208 
12.6418 
12.2778 
II.6338 
10.6426 
10.0993 
10.0548 
9.1309 
9.1662 
8.1539 
8.0595 
7.8989 
1.707 7.7454 
0.00541 
0.03566 
0.05449 
0.0812 
0.0896 
0.1336 
0.1374 
0.2246 
0.2932 
0.3139 
0.3453 
0.3511 
0.3833 
0.4031 
0.4262 
0.4487 
0.4768 
0.5151 
0.5345 
0.5368 
0.5719 
0.5730 
0.4897 
0.6100 
0.6150 
0.6197 
O.5239 
0.6251 
0.99459 
0.96434 
0.94551 
0.9188 
0.9104 
0.8664 
0.8626 
0.7754 
0.7068 
0.6861 
0.6547 
0.6489 
0.6167 
0.5969 
0.5738 
0.5513 
O.5232 
0.4849 
0.4655 
0.4632 
0.4281 
0.4270 
0.4103 
0.3900 
0.3850 
0.3803 
0.3761 
0.3749 
00.155 
0.01046 
0.01620 
0.0247 
0.02737 
0.0422 
0.04355 
0.0765 
0.1060 
0.1157 
0.1310 
0.1340 
0.1509 
0.1619 
0.1751 
0.1888 
0.2066 
0.2329 
0.2471 
0.2488 
0.2764 
0.2771 
0.2913 
0.3090 
0.3135 
0.3177 
0.3218 
0.3228 
0.9984 
0.9895 
0.9838 
0.9753 
0.9726 
0.9578 
0.0564 
0.9235 
0.8940 
0.8943 
0.8690 
0.8660 
0.8491 
O.838I 
0.8249 
0.8112 
0.7934 
0.7671 
0.7529 
0.7512 
O.7236 
0.7229 
0.7087 
0.6910 
0.6865 
0.6823 
0.6782 
0.6772 
0.8630 
0.5870 
0.9148 
1.4024 
1.5268 
2.4476 
2.573 
4.5969 
6.5827 
7.2498 
8.3679 
8.5870 
9.8611 
10.7145 
11.7916 
12.9149 
14.4653 
16.8585 
18.22 
18.2809 
21.1981 
21.3003 
22.8093 
24.8157 
25.35 
25.8651 
26.3232 
26.4580 
105.42 
101.46 
101.23 
97.75 
101.0 
97.26 
101.3 
99.79 
99.83 
100.7 
98.25 
100.79 
100.79 
100.67 
101.11 
100.73 
101.19 
100.61 
100.3 
100.77 
100.27 
100.90 
98.90 
100.24 
100.3 
100.10 
99.37 
100.35 
0.035 
0.101 
0.137 
-0.405 
=0.696 
-0.112 
-0.141 
-1.777 
0.7648 
0.9623 
0.8080 
1.659 
1.0331 
1.782 
1.4233 
1.776 
0.6379 
2.081 
-2.598 
0.5474 
0.227 
-1.488 
0.8011 
aPercent relative error in water material balance caused by assumption that all of the TBP 
^charged was in the organic phase and assuming no water was lost. 
Interpolated values from water distribution curve. 
Data Sheet 2. Infrared absorbances at selected frequencies. TBP-HNO^-CCl^ system 
Sam­
ple 
no. 
Mole fraction 
(CCl^-free 
basis) 
Sample 
HNO, TBP 
Absorb-
T=# ance 
trans. A=logl00 
T 
TBP reference 
Absorb-
T=# ance 
trans. A=logl00 
T 
Frequency cm"-1- - 3480 
HNO3 reference 
Absorb-
T=$> ance 
trans A=log 100 
T 
(ATBP 
+ 
AHN03^a 
ag -(ATBP 
+ 
AHN03)b 
1. 0.000 1.000 76.5 O.II635 0.227 
2 0.100 0.900 76.2 0.11803 0.280 
3 0.200 0.800 75.5 0.12205 75.4 0.12264 61.0 0.21466 0.332 
4 0.300 0.700 76.0 0.11919 O.386 
5 0.400 0.600 77.0 0.11351 75.8 0.12034 47.9 0.31967 0.440 
6 0.450 0.550 77.5 0.11069 0.466 
7 0.500 0.500 77.0 0.11351 0.493 
8 0.525 0.475 75.5 0.12205 0.505 
9 0.550 0.450 73.5 0.13370 0.519 
10 0.575 0.425 71.0 0.14876 0.519 
11 0.600 0.400 68.5 0.16433 76.2 0.11803 36.7 0.43534 0.545 
12 0.625 0.375 65.8 0.18177 0.559 
13 0.650 0.350 62.8 0.20209 0.572 
14 0.675 0.325 60.8 0.21610 0.586 
15 0.700 0.300 57.0 0.24413 0.599 
16 0.725 0.275 54.0 0.26762 0.612 
17 0.750 0.250 51.0 0.29244 0.625 
18 0.775 0.225 48.8 0.31158 0.637 
19 0.800 0.200 46.0 0.33724 76.7 O.II52I 29.8 0.52578 0.651 
20 0.825 0.175 46.0 0.33724 0.665 
21 0.850 0.175 46.0 0.33724 
22 0.900 0.100 34.8 0.45842 0.704 
23 0.950 0.050 28.8 0.54061 0.731 
24 1.000 0.000 27.0 0.56863 80.0 0.09691 80.0 0.09691 
-O.IIO65 
-0.16197 
-0.20995 
-0.26681 
-0.32649 
-O.3553I 
-O.37949 
-0.38295 
-O.3853O 
-O.3853O 
-0,38067 
-O.37723 
-0.36996 
-O.3699O 
-0.35487 
-O.34438 
-0.33256 
-0.32542 
-0.31376 
-0.32776 
-0.24588 
-O.I9039 
^Obtained from sum of values read from smothed plots of Ajgp and A,™- versus HNCU mole 
fraction. v ' 
^Calculated from Ag of sample and (A-pyp+Agyoq) values as obtained from plots. 
Data Sheet 2 (Continued) 
Mole fraction Sample Ag -
Sam- (CCl^-free Absorb- Absorb- Absorb- (ax"BP (aTBP 
pie basis ance T=$ ance T=^ ance + + 
no. HHOo TBP trans. A=logl00 trans. A=loglOO trans A=logl00_ AHNO^)8 aHNOo^ j j, ip T 3 
Frequency cm"1 - 2620 
1 0.000 1.000 80.8 0.09259 0.182 -0.08941 
2 0.100 0.900 71.5 0.14570 0.182 -0.03630 
3 0.200 0.800 61.0 0.21466 79.9 0.09747 82.2 0.08514 0.181 0.03366 
4 0,300 0.700 54.5 0.26361 0.180 0.08361 
5 0.400 0.600 47.5 O.3233I 81.6 0.08831 81.8 0.08725 0.180 0.14331 
6 0.450 0.550 44.8 0.34872 0.178 0.17072 
7 0.500 0.500 42.8 O.36885 0.179 0.18955 
8 0.52 5 0.475 44.0 0.36855 0.178 0.17854 
9 0.550 0.450 46.0 0.33724 0.178 0.15924 
10 0.575 0.425 47.8 0.32057 0.178 0.14257 
11 0.600 0.400 50.5 0.29671 82.5 0.08354 80.3 0.09527 0.178 0.11871 
12 0.625 0.375 52.0 0.28400 0.178 0.10600 
13 0.650 0.350 54.5 0.26361 0.178 0.08561 
14 0.675 0.325 56.5 0.24795 0.177 0.07095 
15 0.700 0.300 58.8 0.23062 0.177 0.05362 
16 0.725 0.275 60.0 0.22183 0.177 0.04483 
17 0.750 0.250 62.0 0.20760 0.176 0.03160 
18 0.775 0.225 64.0 0.19385 0.176 0.03160 
19 0.800 0.200 65.5 0.18374 83.O 0.08092 80.0 0.09691 0.176 0.00775 
20 0.825 0.175 67.0 0.17392 0.175 -0.00108 
21 0.850 0.150 - - - — 
22 0.900 0.100 73.5 0.13370 0.175 -0.04130 
23 0.950 0.050 77.5 0.11069 0.174 -O.O633I 
24 1.000 0.000 81.0 0.09153 0.173 -0.08147 
25 0.000 0.000 86.0 0.06551 8 5.6 0.06752 85.6 0.06752 - -
Data Sheet 2 (Continued) 
Mole fraction 
Sam- (CCl^-free 
pie basis) 
no. HNO3 TBP 
Sample 
Absorb-
T=% ance 
trans, A=logl00 
T 
TBP reference 
Absorb-
ance 
trans. A=logl00 
T 
HNO^ reference 
Absorb-
T=$ 
trans. 
ance 
A=log 100 
T 
(Apgp 
AHNC?3)a 
Ag -
(AfBP 
aHN(^  y 
Frequency cm~l - 1686 
1 0.000 1.000 87.8 0.05651 0.079 -0.02249 
2 0.100 0.900 82.0 0.08618 0.424 -0.33782 
3 0.200 0.800 78.0 0.10792 86.7 0.06198 17.4 0.75945 0.783 -0.67508 
4 0.300 0.700 74.0 0.13079 1.133 -0.00221 
5 0.400 0.600 68.3 0.16558 87.8 0.05652 4.0 1.39794 1.494 -1.32842 
6 0.450 0.550 67.0 0.17392 1.672 -1.49808 
7 0.500 0.500 62.0 0.20760 1.672 -1.49808 8 0.525 0.475 53.2 0.27409 1.856 -1.64840 
9 0.550 0.450 42.0 0.37676 . 2.035 -1.65824 
10 0.575 0.425 32.0 0.49624 — 
11 0.600 0.400 24.0 0.61979 87.5 0.05801 1.4 1.85388 — • 
12 0.625 0.375 18.0 0.74473 — • 
13 0.650 0.350 12.2 0.91364 • 
14 0.675 0.325 8.5 1.01058 «• 
15 0.700 0.300 5.5 1.25964 — 
16 0.725 0.275 4.0 1.39794 — 
17 0.750 0.250 2.2 1.65758 — • 
18 0.775 0.225 2.2 1.65758 
19 0.800 0.200 1.8 1.74473 88.8 0.0518 1.3 1.88606 
20 0.825 0.175 - — • 
21 0.8 50 0.150 - -
22 0.900 0.100 - « • 
23 0.950 0.050 - - — — 
24 0.000 0.000 — — 
25 0.000 0.000 90.5 0.04336 90.1 0.04528 90.1 0.04528 - -
Data Sheet 2 (Continued) 
Mole fraction Sample 
Sam- (CCl^-free Absorb-
ple basis) T=$ ance 
no. HNOo TBP trans. A=logl00 
T 
1 0.000 1.000 87.4 0.05843 
2 0.100 0.900 79.5 0.09965 
3 0.200 0.800 72.0 0.14267 
4 0.300 0.700 66.5 0.17719 
5 0.400 0.600 57.0 0.24413 
6 0.450 0.550 57.0 0.24413 
7 0.500 0.500 50.0 0.30103 
8 0.525 0.475 42.5 0.37197 
9 0.550 0.450 33.0 0.48149 
10 0.575 0.425 25.5 0.59347 
11 0.500 0.400 20.5 0.68824 
12 0.625 0.375 16.8 0.77459 
13 0.650 0.350 13.2 0.87943 
14 0.675 0.325 10.0 1.00000 
15 0.700 0.300 11.0 0.95861 
16 0.725 0.275 6.8 1.16749 
17 0.750 0.250 6.5 1.18709 
18 0.775 0.225 5.0 1.30103 
19 0.800 0.200 6.0 1.22185 
20 0.825 0.175 6.5 1.18709 
21 0.850 0.150 — — 
22 0.900 0.100 8.0 I.09691 
23 0.950 0.050 7.0 I.I5490 
24 1.000 0.000 7.0 1.15490 
25 0.000 0.000 90.5 0.04336 
TBP reference HNCy reference 
Absorb- Absorb-
T=# ance T=# ance 
trans. A=logl00 trans. A^loglOO 
T T 
Frequency tan-1 - 1677 
86.0 0.06551 52.5 0.27985 
87.6 0.05751 32.5 0.48812 
(1TBP (AT^p 
A™63>a W" 
88.2 0.05434 20.0 0.69897 
88.2 0.05454 10.0 1.00000 
90.1 0.04528 90.1 0.04528 
0.109 
0.120 
0.334 
0.450 
0.562 
0.620 
0,677 
0.707 
0.746 
0.765 
0.795 
0.820 
0.851 
0.880 
0.908 
0.937 
0.966 
0.995 
1.023 
1.053 
1.137 
1.196 
1.255 
-0.05052 
-0.02035 
-O.I9I33 
-0.27281 
-0.31787 
-0.37587 
-0.37597 
-0.33503 
-0.26451 
-O.17153 
-0.10676 
-0.04531 
0.02843 
0.12000 
0.05061 
0.23049 
0.22109 
0.30603 
0.19885 
0.13409 
-0.04009 
-0.04110 
-0.10010 
Data Sheet 2 (Continued) 
Sam­
ple 
no. 
Mole fraction 
(CCl/j-free 
basis) 
HNO, TBP 
T=4 
trans. 
Sample 
Absorb-
TBP reference 
Absorb-
ance T=$ ance 
A=logl00 trans. A=logl00 
T _____ T 
Frequency cm--1- - 1653 
HNO3 
w 
trans. 
reference 
Absorb-
ance 
A=logl00 
T 
(A, (A, 
As -
T^P va|BP 
AHN03)a AHN03^b 
1 0.000 1.000 86.0 0.06551 0.490 -0.42449 
2 0.100 0.900 59.2 0.22768 0.494 -0.26632 
3 0.200 0.800 , 39.7 0.40121 56.0 0.25181 57.5 0.24033 0.498 -0.09679 
4 0.300 0.700 28.0 0.55284 0.500 0.05784 
5 0.400 0.600 18.2 0.73993 56.5 0.24794 55.0 0.25961 O.503 0.23693 6 0.450 0.550 15.9 0.79860 0.505 0.29360 
7 0.500 0.500 13.2 0.87943 0.506 0.37343 
8 0.525 0.475 13.0 0.88606 0.508 0.37806 
9 0.550 0.450 17.0 0.76956 0.509 0.26056 
10 0.575 0.425 18.0 0.74473 0.510 0.23473 
11 0.600 0.400 20.8 0.68194 57.0 0.24413 54.0 0.26762 0.511 0.17094 
12 0.625 0.375 23.2 O.6345I 0.511 0.12351 
13 0.650 0.350 26.0 0.58503 0.512 0.07303 
14 0.675 0.325 27.8 0.55596 0.513 0.04296 
15 0.700 0.300 30.8 0.51145 0.514 -0.00255 
16 0.725 0.275 32.0 0.49624 0.514 -0.01776 
17 0.750 0.250 35.0 0.45593 0.515 -0.05907 
18 0.775 0.225 37.5 0.42581 0.516 -O.O9OI9 
19 0.800 0.200 42.0 0.37676 58.0 0.23657 53.6 0.27084 0.517 -0.14024 
20 0.825 0.175 43.0 0.36653 0.518 -0.15147 
21 0.850 0.150 - — .. 
22 0.900 0.100 52.5 0.27985 0.519 -O.239I5 
23 0.950 0.050 57.0 0.24413 0.520 -0.27587 
24 1.000 0.000 63.O 0.20068 0.522 -0.32134 
25 0.000 0.000 89.5 0.04817 57.0 0.24413 57.0 0.24413 - -
Data Sheet 2 (Continued) 
Mole fraction Sample TBP reference HNOo reference 
Sam­ (CClv—free Absorb- Absorb- J Absorb­ (ATBP S/s -
a <aTBP 
AHN03 b^ 
ple basis) T=$ ance T=% ance T=$ ante + 
no. HNO. TBP trans. A=logl00 trans. A=logl00 
T T 
trans. A=logl00_ 
T 
AHNO3) 
Frequency cm~l - 1392 
1 0.000 1.000 56.5 0.24795 0.296 -0.04805 
2 0.100 0.900 50.0 0.30103 0.285 0.02603 
3 0.200 0.800 42.2 0.37469 60.0 0.21754 90.0 0.04143 0.258 0.11669 
4 0.300 0.700 36.4 0.43890 0.244 0.19490 
5 0.400 0.600 31.5 0.50169 68.2 0.16622 88.4 0.05354 0.219 0.29269 
6 0.450 0.550 28.9 0.52578 0.210 0.31578 
7 0.500 0.500 28.0 0.55284 0.201 0.35184 
8 0.525 0.475 29.5 0.53017 0.195 0.33517 
9 0.550 0.450 30.8 0.51145 0.192 0.31945 
10 0.0575 0.425 32.0 0.49624 0.187 0.30924 
11 0.600 0.400 34.2 0.46597 86.0 O.O6551 86.9 0.06100 0.181 0.28497 
12 0.625 0.375 36.2 0.44129 0.178 0.26329 
13 0.650 0.350 38.5 0.41454 0.172 0.24254 
14 0.675 0.325 40.6 0.39148 0.168 0.22348 
15 0.700 0.300 43.5 0.36152 0.162 0.19952 
16 0.725 0.275 45.3 0.34390 0.159 0.18490 
17 0.750 0.250 48.5 0.31427 0.153 0.14127 
18 0.775 0.225 51.9 0.28484 84.3 0.07416 85.4 0.06885 0.148 O.I3684 
19 0.800 0.200 54.5 0.26361 0.144 0.11961 
20 0.825 0.175 55.8 O.25336 0.140 O.II336 
21 0.850 0.150 - — 
22 0.900 0.100 66.8 0.17522 0.124 0.05112 
23 0.950 0.050 75.5 0.12205 0.115 0.00705 
24 1.000 0.000 85.O 0.07063 0.105 O.O3437 
25 0.000 0.000 94.9 0.02272 94.9 0.02272 94.9 0.02272 — 
Data Sheet 2 (Continued) 
Sam­
ple 
no. 
Mole fraction 
(CCl^-free 
basis) 
HN03 TBP 
T=# 
trans. 
Sample 
Absorb-
ance 
A=logl00 
T 
TBP 
T=# 
trans. 
reference HNO^ 
Absorb-
ance T=$ 
A=logl00 trans. 
T" 
reference 
Absorb-
ance 
A=logl00 
T 
(AT|P 
AHN03)a 
AG _ 
(AJBP 
AHN03)b 
Frequency cm-1 - 1283 
1 0.000 1.000 2.5 1.60206 1.764 -O.I6I94 
2 0.100 0.900 4.0 1.39794 1.633 -0.23506 
3 0.200 0.800 8.8 1.05553 4.0 1.39794 71.9 0.14327 1.502 -O.56233 
4 0.300 0.700 15.5 0.80967 1.372 -O.56233 
5 0.400 0.600 31.0 0.50863 8.9 1.05061 62.1 0.20691 1.243 -O.73437 
6 0.400 0.600 54.0 0.37676 1.175 -0.79824 
7 0.500 0.500 54.5 0.26361 1.108 -0.84439 
8 0.525 0.475 56.0 0.25181 1.076 -0.82419 
9 0.550 0.450 54.0 0.26762 1.043 -0.77538 
10 0.575 0.425 52.2 0.28233 1.012 -0.72967 
11 0.600 0.400 50.2 0.29929 21.0 0.67778 55.0 0.25961 0.978 -0.67871 
12 0.625 0.375 47.5 0.32331 0.944 -0.62069 
13 0.650 0.350 46.5 0.33254 0.914 -0.58146 
14 0.675 0.325 46.0 0.33724 0.880 -0.54276 
15 0.700 0.300 45.0 0.34678 0.849 -0.50222 
16 0.725 0.275 41.0 O.38721 0.881 
-0.42379 
17 0.750 0.250 39.0 0.40894 0.782 -0.37306 18 0.775 0.225 38.5 0.41454 0.749 -0.33446 
19 0.800 0.200 40.0 0.39794 43.0 O.36653 46.7 0.33068 0.716 -0.31806 
20 0.825 0.175 39.0 0.40894 0.684 -0.27500 
21 0.850 0.150 - — 
22 0.900 0.100 42.0 0.37676 0.587 -0.21024 
23 0.950 0.050 42.0 0.37676 0.522 -0.14524 
24 1.000 0.000 42.0 0.37676 0.457 -0.08024 
25 0.000 o.OOO - - 84.5 0.07313 84.5 0.07313 - -
Data Sheet 2 (Continued) 
Sam­
ple 
no. 
Mole fraction 
(CCJUf.-free 
basis) 
Sample 
HNO-- TBP trans. 
Absorb-
ance 
A=logl00 
T 
HNO^ reference 
Absorb-
ance 
TBP reference 
Absorb-
T=$ ance 
trans. A=logl00 trans. A=loglOO 
™ T T 
Frequency cm-1 - 1215 
(ATBP 
AHN03^a 
As -
(Ajbp 
AHNQ3^b 
1 0.000 1.000 37.0 0.43180 0.810 -0.37820 
2 0.100 0.900 21.5 0.66757 0.806 -O.I3843 
3 0.200 0.800 10.0 1.00000 36.6 0.43651 42.3 0.37369 0.801 0.19900 
4 0.300 0.700 5.2 1.28400 0.796 0.48800 
5 0.400 0.600 3.5 1.45593 40.2 0.39578 41.3 0.38405 0.791 0.66493 
6 0.450 0.550 2.1 1.6777S 0.788 0.88978 
7 0.500 0.500 2.5 1.60206 0.785 O.817O6 
8 0.525 0.475 3.0 1.52288 0.783 0.73988 
9 0.550 0.450 3.3 1.48149 0.783 0.69149 
10 0.575 0.425 4.0 1.39794 0.781 0.61694 
il 0.600 0.400 4.8 1.31875 40.6 0.39148 41.7 0.37987 0.780 0.53875 
12 0.625 0.375 5.5 1.25964 0.780 0.47964 
13 0.650 0.350 7.0 1.15490 0.778 0.37690 
14 0.675 0.325 3.5 1.07058 0.776 0.29458 
15 0.700 0.300 10.0 1.00000 0.775 0.22500 
16 0.725 0.275 11.8 0.92812 0.773 0.15512 
17 0.750 0.250 14.0 O.85388 0.772 0.08188 
18 0.775 0.225 16.9 0.77211 0.770 0.00211 
19 0.800 0.200 19.2 0.71670 41.5 0.38195 39.5 0.40339 0.769 -O.O523O 
20 0.825 0.175 21.0 0.67778 0.768 -0.09022 
21 0.850 0.150 - - _ 
22 0.900 0.100 30.0 0.52288 0.764 -0.24112 
23 0.950 - 0.050 35.0 0.45593 0.766 -0.30607 
24 1.000 0.000 41.0 0.38721 0.759 -O.37179 
25 0.000 0.000 - - 46.0 0.33724 46,0 0.33724 - -
Data Sheet 2 (Continued) 
Sample 
Absorb-
T=$ ance 
trans. A=logl00 
T 
1 0.000 1.000 61.0 0.21466 
2 0.100 0.900 52.0 0.28400 
3 0.200 0.800 40.0 0.39794 
4 0.300 0.700 32.2 0.49215 
5 0.400 0.600 25.5 0.59347 
6 0.450 0.550 23.8 0.62343 
7 0.500 0.500 21.8 0.66154 8 0.525 0.475 23.3 0.63265 
9 0.550 0.450 25.5 0.59347 
10 0.575 0.425 28.8 0.54061 
11 0.600 0.400 3I.I 0.50724 
12 0.625 0.375 34.0 0.46853 
13 0.650 0.350 36.8 0.43415 
14 0.675 0.325 39.8 0.40012 
15 0.700 0.300 43.5 0.36152 
16 0.725 0.275 46.4 0.33254 
17 0.750 0.250 49.5 0.30539 
18 0.775 0.225 53.0 0.27572 
19 0.800 0.200 56.0 0.25181 
20 0.825 0.175 59.0 0.22914 
21 0.850 0.150 — — 
22 0.900 0.100 66.5 0.17719 
23 0.950 0.050 73-4 0.13431 
24 1.000 0.000 80.0 0.09691 
25 0.000 0.000 — — 
Mole fraction 
Sam— (CCl^-free 
pie basis) 
no. HNO- TBP 
J 
TBP reference HNO3 reference 
Absorb- Absorb-
T=$ ance T=$ ance 
trans. A=logl00 trans. A=logl00 
T T 
Frequency cm-1 - 939 
64.2 0.19246 86.0 0.06551 
70.4 0.15244 84.7 0.07210 
(ATBp 
+ 
Ag — 
(App 
AHN03 a^ AHN03 b^ 
0.281 -O.O6634 
0.268 0.01600 
0.253 0.14494 
O.238 0.25415 
0.225 0.36847 
0.218 0.40543 
0.211 0.45054 
0.208 0.42465 
0.204 0.38947 
0.201 0.33969 
0.197 0.31024 
0.194 0.27453 
0.191 0.24315 
0.187 0.21312 
0.184 0.17752 
0.181 O.15154 
0.177 0.12839 
0.173 0.10272 
0.170 0.08181 
0.165 0.06414 
0.155 0.02219 
0.148 0.01369 
0.141 -0.04409 
76.3 
81.6 
0.11747 83.1 0.08041 
0.08831 81.2 0.09043 
N 
« 
89.8 0.04673 89.8 0.04673 
Data Sheet 2 (Continued) 
Sam­
ple 
no. 
Mole fraction 
(CCl4-free 
basis) 
HNO, TBP 
Sample 
Absorb-
ance 
trans. A=loglOO 
T 
TBP reference 
Absorb-
T=$ ance 
HNO^ reference 
Absorb-
T=^ ance 
trans. A=loglOO trans. A=loglOO 
As _ 
(ATBp (AtBP 
+ + 
AHN03)a AHNOo)b 
1 0.000 1.000 49.5 0.30539 0,394 -0.08861 
2 0.100 0.900 52.2 0.28233 0.472 -0.I8967 
3 0.200 0.800 53.5 0.27166 54.6 0.26281 51.4 0.28903 0.553 -0.28134 
4 0.300 0.700 54.5 0.26361 0.633 -0.36939 
5 0.400 0.600 54.5 0.24795 60.5 0.21824 32.0 0.49624 0.716 -0.46805 
6 0.450 0.550 56.8 0.24556 0.755 -0.50934 
7 0.500 0.500 56.5 0.24795 0.795 -0.54705 
8 0.525 0.475 55.2 0.25806 0.816 -0.55794 
9 0.550 0.450 53.2 0.27409 0.836 -0.56191 
10 0.575 0.425 51.0 0.29244 0.857 -0.56456 
11 0.600 0.400 48.0 0.31875 66.1 0.17981 20.1 0.69860 0.877 -O.55825 
12 0.625 0.375 44.7 0.34769 0.897 . -O.5473I 
13 0.650 0.350 41.6 0.38091 0.916 -0.53509 
14 0.675 0.325 39.0 0.40894 0.937 -0.52806 
15 0.700 0.300 35.7 0.44733 0.956 -0.50867 
16 0.725 0.275 32.0 0.49624 0.978 -0.48176 
17 0.750 0.250 30.0 0.52288 0.998 -O.475I2 
18 0.775 0.225 2-5.0 0.58838 1 018 -O.42962 
19 0.800 0.200 23.2 0.63451 72.7 0.13846 11.7 0.93181 1*039 -0.40449 
20 0.825 0.175 25.8 0.58838 1*058 -0.46962 
21 0.850 0.150 - mm. 
22 0.900 0.100 14.5 0.83864 1.119 -0.28036 
23 0.950 0.050 9.0 1.04576 1.159 -O.II342 
24 1.000 0.000 7.5 1.12494 1.199 -0.07406 
25 0.000 0.000 - - 81.0 0.09153 81.0 0.0153 - -
Data Sheet 3» Infrared absorbances at frequencies of band minima in P-O-C stretching region, 
TBP-HNO/j-CCl^ system, 0.0124 moles/liter total solute molarity. 
979 cm"1 1006 cm"1 1029 cm"1 1062 cm-1 1109 cm"1 
Sam- Mole fraction A= A= A= A= A= 
pie of solute T=$ Absorb- T=$ Absorb- T=$ Absorb- T=$ Absorb- T=$ Absorb-
no. HNO^ TBP CCl^ trans, ance trans, ance trans, ance trans, ance trans, ance 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
0.000 
0.100 
0.200 
0.300 
0.400 
0.450 
0.500 
0.550 
0.600 
0.650 
0.700 
0.750 
0.800 
0.850 
0.900 
0.950 
1.000 
0.000 
0.000 
0.000 
0.000 
0.300 
O.500 
0.700 
1.000 
0.900 
0.800 
0.700 
0.600 
0.550 
0.500 
0.450 
0.400 
0.350 
0.300 
0.250 
0.200 
0.150 
0.100 
0.050 
0.000 
0.000 
0.300 
0.500 
0.700 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.700 
0.500 
0.300 
0.700 
0.500 
0.300 
26.5 
28.5 
29.5 
31.7 
32.6 
33.4 
34.4 
34.4 
35.5 
35.5 
36.0 
36.5 
36.8 
35.5 
37.2 
37.5 
38.2 
38.5 
33.8 
32.0 
30.0 
38.0 
38.1 
38.5 
0.5767 
0.5452 
0.5302 
0.4990 
0.4870 
0.4770 
0.4770 
0.4770 
0.4498 
0.4498 
0.4437 
0.4377 
0.4340 
0.4377 
0.4300 
0.4258 
0.4180 
0.4145 
0.4710 
0.4962 
0.5229 
0.4202 
0.4190 
0.4145 
20.0 
21.6 
23.2 
24.1 
25.2 
25.5 
26.2 
27.7 
28.0 
28.2 
29.3 
30.2 
30.6 
31.0 
37.2 
32.2 
33.0 
33.3 
24.2 
25.6 
24.5 
33.0 
33.5 
33.5 
0.6820 
0.6660 
0.6350 
0.6180 
0.5990 
0.5935 
0.5820 
0.5575 
0.5528 
0.5500 
0.5335 
0.5200 
0.5140 
0.5086 
0.4920 
0.4920 
0.4815 
0.4785 
0.6160 
0.5920 
0.6108 
0.4815 
0.4749 
0.4749 
27.0 
29.3 
32.5 
36.1 
40.4 
42.2 
44.2 
48.1 
51.0 
54.0 
58.2 
62.2 
66.1 
71.0 
76.2 
83.5 
89.2 
90.5 
52.9 
44.5 
37.5 
87.O 
87.O 
87.4 
0.5686 
0.5335 
0.4881 
0.4425 
0.3940 
0.3750 
0.3550 
0.3180 
0.2924 
0.2676 
0.2350 
0.2058 
0.1800 
0.1488 
0.1176 
0.0783 
0.0496 
0.0433 
0.2760 
0.3516 
0.4258 
0.0605 
0.0605 
0.0585 
53.2 
54.5 
57.5 
59.2 
61.2 
62.5 
63.8 
66.0 
67.2 
68.8 
70.5 
72.4 
74.2 
75.0 
77.2 
78.2 
80.3 
81.0 
62.0 
63.8 
60.0 
87.0 
80.0 
79.5 
0.2740 
0.2636 
0.2403 
0.2280 
0.2130 
0.2041 
0.1950 
0.1805 
0.1727 
0.1658 
0.1518 
0.1402 
0.1290 
0.1249 
0.1124 
0.1070 
0.0950 
0.0915 
0.2076 
O.I95O 
0.2218 
0.1013 
0.0969 
0.0997 
82.0 
80.5 
82.2 
82.0 
82.4 
82.5 
82.5 
84.1 
84.0 
84.3 
84.0 
84.2 
84.4 
85.2 
85.0 
86.2 
86.2 
87.1 
69.2 
81.2 
82.6 
84.0 
86.6 
85.O 
0.0862 
0.0942 
0.0851 
0.0862 
0.0840 
0.0835 
O.O835 
0.0750 
0.0757 
0.0740 
0.0757 
0.0747 
0.0736 
0.0695 
0.0706 
0.0645 
0.0645 
0.0599 
0.1599 
0.0905 
0.0830 
0.0757 
0.0625 
0.0706 
Data Sheet 4. Infrared absorbances at selected frequencies e HNO^-CCl^ system 
Duplicate Series 
Sample Molarity Absorbance Absorbance Absorbance Absorbance Absorbance Absorbance 
Number HNO3 3480 cm-1 1687 cm-1 1305 cm"1 892 cm"1 3480 cm-1 892 cm-1 
1 0.00 0.1612 0.1397 0.1772 0.1249 0.1427 0.0997 
2 0.05 ——— —  — 0.1662 0.1612 
3 0.10 — — —  ——— 0.1972 0.2183 
4 0.20 0.2480 0.8097 0.4437 0.2967 0.2581 0.3188 
5 0.30 — - ——— — ——- 0.3143 0,4258 
6 0.40 0.3233 1.5229 0.7570 0.4498 0.3645 0.5376 
7 0.50 0.3565 1.8239 0.9208 0.5157 0.4145 0.6478 
8 0.60 0.3872 2.0000 1.0969 0.5686 0.4662 0.6778 
9 0.70 0.3820 ——— 1.2219 0.6198 0.4976 0.8386 
10 0.80 0.4559 - - - 1.4202 0.6778 0.6216 0.9788 
11 0.90 0.4881 
——— 1.6071 0.7328 0.6716 1.0706 
12 1.00 0.4962 1.6021 0.7212 0.6819 1.0458 
Data Sheet 5» Infrared absorbances at selected frequencies for TBP-HNO^-CCl^ system, 1,005 
moles/liter total solute molarity 
Mole Fraction 
Sample (CCl^-Free Basis) Absorbance 
Number HNCy TBP 3480 cm-1 
Absorbance 
2620 cm-1 
Absorbance 
1215 cm-1 
Absorbance 
1170 cm-1 
Absorbance 
939 cm-1 
Absorbani 
892 cm-' 
1 0.00 1.00 0.0942 0.0888 0.1871 0.2007 0.3098 0.3979 
2 0.10 0.90 0.0969 0.1675 0.4685 0.2366 0.4318 0.3768 
3 0.20 0.80 0.0997 0.2328 0.7696 0.2518 0.5302 0.3615 
4 0.30 0.70 0.1024 0.2967 1.0969 0.2676 O.6383 0.3325 
5 0.40 0.60 0.1024 0.3516 1.3979 0.2676 0.7100 0.2840 
6 0.45 0.55 0.1024 0.4034 1.6990 0.3010 0.7325 0.2882 
7 0.50 0.50 0.1051 0.4202 2.0000 0.3098 0.8239 0.2840 
8 0.55 0.45 0.1051 0.3768 1.4559 0.3768 0.6882 0.2676 
9 0.60 0.40 0.1192 0.3565 1.2219 0.5376 0.6383 0.2882 
10 0.65 0.35 0.1397 0.3188 0.6575 0.6383 0.5302 0.3233 
11 0.70 0.30 0.1643 0.2757 0.6778 0.7212 0.4377 0.3565 
12 0.75 0.25 0.2041 0.2518 0.4962 0.7212 0.3925 0.4377 
13 0.80 0.20 0.2480 0.2218 0.3516 O.6383 0.3468 0.4962 
14 0.85 0.15 0.3054 0.1939 0.2757 0.5086 0.2967 0.6108 
15 0.90 0.10 0.3720 0.1712 0.2291 0.3768 0.2596 0.6882 
16 1.00 0.00 0.6576 0.1024 0.1427 0.0162 0.1427 0.8539 
Data Sheet 6. Absorbances at additional OH stretching frequencies, TBP-HNO^-CCl^ system 
Sample 
Number 
Mole Fraction 
(CCI/,-Free Basis) 
HN03 TBP 
Absorbance; 
1.00 molarity, 
3100 cm-1 
Absorbance; 
0.124 molarity, 
3100 cm"1 
Absorbance; 
1.00 molarity, 
3300 cm-1 
Absorbance; 
0.124 molarity, 
3300 cm"1 
1 0.000 1.000 0.1024 0.1079 0.0915 0.1051 
2 0.100 0.900 0.1135 0.1192 0.0969 0.1079 
3 0.200 0.800 0.1249 0.1308 0.0997 0.1135 
4 0.300 0.700 0.1308 0.1367 0.1024 O.II35 
5 0.400 0.600 0.1427 0.1427 0.1024 0.1079 
6 0.450 0.550 0.1549 0.1488 0.1051 0.1079 
7 0.500 0.500 0.1488 0.1549 0.1051 0.1079 
8 0.525 0.475 — —  0.1549 0.1135 
9 0.550 0.450 0,1675 0.1580 0.1164 0.1192 
10 0.575 0.425 mm am 0.1739 0.1249 
11 0.600 0.400 0.2218 0.1739 0.1488 0.1279 
12 0.625 0.375 w-™ — 0.1739 — — —  0.1308 
13 0.650 0.350 0.2403 0.1805 0.1707 0.1367 
14 0.675 0.325 —— — 0.1838 0.1397 
15 0.700 0.300 0.2518 0.1772 0.1939 0.1427 
16 0.725 0.275 0.1739 — —  0.1397 
17 0.750 0.250 0.2480 0.1739 0.2111 0.1427 
18 0.775 0.225 0.1708 0.1427 
19 0.800 0.200 0.2328 0.1643 0.2147 0.1397 
20 0.825 0.175 0.1643 0.1367 
21 0.850 0.150 0.2041 0.2182 w 
22 0.900 0.100 0.1739 0.1308 0.2147 0.1279 
23 0.950 0.050 0.1739 0.1308 0.2147 0.1279 
24 1.000 0.000 0.0969 0.0942 0.1612 0.1079 
Data Sheet 7» Infrared absorbances at selected frequencies for TBP-HNO^-CCl^ system, 0.0084 
moles/liter total solute molarity 
Mole Fraction 
Sample 
Number 
(CCl4-Free Basis) 
mcy CCl^ 
Absorbance 
3700 cm"1 
Absorbance 
3480 cm"1 
Absorbance 
3300 cm-1 
Absorbance 
3100 cm"1 
Absorbance 
296O cm-1 
1 0.00 1.00 0.0889 0.0655 0.0555 0.0757 
2 0.20 0.80 0.0862 0.0655 0.0630 0.0706 1.8239 
3 0.30 0.70 0.0949 0.0680 0.0630 0.1024 1.5229 
4 0.40 0.60 0.0949 0.0680 0.0630 0.1079 1.2219 
5 0.45 0.55 0.0949 0.0706 0.0630 0.1079 1.3468 
6 0.50 0.50 0.0949 0.0757 0.0605 0.1079 1.0969 
7 0.55 0,45 0.0949 0.0997 0.0605 0.1079 1.0000 
8 0.60 0.40 0.0888 0.1249 0.0630 0,1079 0.9208 
9 0.65 0.35 0.0915 0.1549 0.0630 0.1079 0.7959 
10 0.70 0.30 0.0949 0.1871 0.0630 0.1079 0.6778 
11 0.75 0.25 0.0969 0.2218 0.0630 0.1079 0.5850 
12 0.80 0.20 0.0997 0.2557 0.0630 0.1079 0.5017 
13 0.85 0.15 0.0997 0.2967 0.0630 0.1051 0.4034 
14 0.90 0.10 0.0997 0.3468 0.0605 0.0969 0.2924 
15 1.00 0.00 0.1024 0.4377 0.1079 0.0862 0.1427 
Data Sheet 7 (Continued) 
Sample 
Number 
Mole Fraction 
(CCl4-Free Basis) 
HNO. CC14 
Absorbance 
2620 cm-1 
Absorbance 
1687 cm-1 
Absorbance 
I652 cm-1 
Absorbance 
1396 cm-1 
Absorbance 
I305 cm-1 
1 0.00 1.00 0.0506 0.0410 0.1107 0.2007 0.1972 
2 0.20 0.80 0.1427 0.0731 0.3979 0.3098 0.7212 
3 0.30 0.70 0.1805 0.1249 0.5301 0.3565 0.9586 
4 0.40 0.60 0.2218 0.1612 0.6576 0.3979 1.1549 
5 0.45 0.55 0.2403 0.1838 0.6882 0.4258 1.2596 
6 0.50 0.50 0.2441 0.2480 0.7100 0.4258 1.3010 
7 0.55 0.45 0.2328 0.4318 0.6778 0.4089 1.3468 
8 0.60 0.40 0.2218 0.6108 0.6478 0.3872 1.3468 
9 0.65 0.35 0.2007 0.8861 0.5850 0.3516 1.2596 
10 0.70 0.30 0.1805 1.1871 0.5301 0.3188 1.2596 
11 0.75 0.25 0.1580 1.5229 0.4749 0.2840 1.3979 
12 0.80 0.20 0.1397 1.8239 0.4202 0.2557 1,5229 
13 O.85 0.15 0.1191 —— 0.3665 0.2182 1.6021 
14 0.90 0.10 0.0941 0.3143 0.1805 1.6990 
Data Sheet 8. Infrared absorbances at selected frequencies for TBP-HNO^-CCl^ system, 0.0012 
mollis/liter total solute molarity 
Mole Fraction 
Sample (CCI/,-Free Basis) Absorbance Absorbance Absorbance Absorbance Absorbance 
Number HNCy TBP 3480 cm"1 2975 cnr1 2740 cm"1 2600 cm-1 1685 cm-1 
1 0.000 1.00 0.1221 — 0.2076 0.1549 0.3188 
2 0.25 0.75 0.1192 1.6990 0.2480 0.2218 0.3420 
3 0.40 0.60 0.1249 1.4559 0.2441 0.2441 0.3979 
4 0.50 0.50 0.1221 1.2219 0.2518 0.2676 0.3665 
5 0.60 0.40 0.1397 0.9788 0.2557 0.2717 0.4559 
6 0.75 0.25 0.1904 0.6576 0.2518 0.2557 0.9031 
7 1.00 0.00 0.3044 0.2076 0.2111 0.1643 
Data Sheet 9. Calculation of equilibrium constants for assumed complexing reactions 
Sample 
Number 
Solute 
Molarity 
(CCl^-Free Basis) 
HNO, TBP 
(HNOo) 
Molarity 
(TBP» 
HNOo) 
Molarity 
Branch Mechanism 
(TBP* (TBP" 
2HNO3) 3HNO3) 
Molarity Molarity 
%2 
l/mole 
k3 
l/mole 
1 1.005 0.550 0.450 0.0000 0.3704 O.O633 0.0186 10.3 15.7 
2 tl 0.600 0.400 0.0255 0.2657 0.0972 0.0391 10.3 15.7 
3 ft 0.650 0.350 0.0628 0.1710 0.1231 0.0576 7.4 7.5 
4 II 0.700 0.300 0.1077 O.O838 0.1410 0.0767 7.7 5.0 
5 II 0.750 0.250 0.1801 0.0158 0.1429 0.0898 9.5 3.5 
6 II 0.800 0.200 0.2598 «• M ™ 0.1477 0.0977 » 2.5 
7 ft 0.850 0.150 0.3643 0.1288 0.1052 2.2 
8 II 0.900 0.100 0.4854 0.1072 0.1044 •Woe — WW-* 
9 M 1.000 0.000 1.0050 —*•»— — • — «•M* 
10 0,124 0.525 0.475 0.0023 0.0564 0.0012 0.0013 9.0 489 
11 n 0.550 0.450 0.0055 0.0512 0.0023 0.0023 8.0 186 
12 ii 0.575 0.425 0.0096 0.0461 0.0042 0.0024 9.5 59 
13 n 0.600 0.400 0.0139 0.0416 0.0050 0.0030 8.6 44 
14 H 0.625 0.375 0.0186 0.0375 0.0055 0.0035 7.8 34 
15 II 0.650 0.350 0.0241 0.0339 0.0058 0.0036 7.1 26 
16 II 0.675 0.375 0.0280 0.0376 0.0070 0.0043 6.6 22 
17 II 0.700 0.300 O.O356 0.0273 0.0057 0.0041 5.9 20 
18 II 0.725 0.275 0.0420 0.0242 0.0059 0.0039 5.8 14 
19 n 0.750 0.250 0.0488 0.0216 0.0056 0.0038 5.3 14 
20 II 0.775 0.225 0.0539 0.0238 0.0060 0.0041 4.7 13 
21 Ii 0.800 0.200 0.0609 0.01512 0.0057 0.0039 6.1 11 
22 II 0.825 0.175 0.0666 0.0116 O.OO63 0.0039 8.1 9.3 
23 II 0.900 0.100 0.0939 0.0087 0.0021 0.0016 2.6 7.9 
24 II 0.950 0.050 0.1054 0.0025 0.0021 0.0015 7.9 6.8 
25 LL 1.000 0.000 0.1240 — 
— — —  — — —  
Data Sheet 9 (Continued) 
Sample 
Number 
(TBP* 
HNOo) 
Molarity 
Chain Mechanism 
(TBP* (TBP. 
2HN0o) 3HN03) 
Molarity Molarity l/mole 
k2 
l/mole 
HNOo Association 
plus 2/1 
Complex Mechanism 
(HN03)2 
Molarity l/mole 
K: D 
Dinerization 
Mechanism (HNO3)2 KD 
Molarity l/mole 
1 0.3746 0.0548 0.0228 26.4 ***** 0.0186 WW W ^^w www 
2 0.2769 0.0747 0.0503 14.0 ww — 0.0391 59.9 0.088 134.3 
3 0.1894 0.0864 0.0760 11.1 15.4 0.0576 14.6 0.119 30.2 
4 0.1108 0.0870 0.1037 9.4 12.4 0.0766 6.6 0.147 12.7 
5 0.0532 0.0736 0.1244 7.5 15.2 0.0898 2.8 0.161 5.0 
6 0.0699 0.1367 12.2 www 0.0977 1.4 0.172 2.5 
7 — — —  0.0342 0.1525 76.9 — w — 0.1052 0.8 0.170 1.3 
8 
0 
— — —  0.0042 0.1560 —  — —  — — —  0.1044 0.4 0.158 0.7 
7 
10 0.0021 
11 —w w — —— 0.0035 ww — — WW — —  —  www w«ew 
12 0.0469 0.0025 0.0033 143 5.5 www www 
13 0.0428 0.0027 0.0041 154 4.5 www www aiwa> www 
14 0.0389 0.0028 0.0048 94.3 3.8 •w w w WW w 
15 0.0354 0.0029 0.0051 71.2 3.4 www www •www 
16 0.0307 0.0037 0.0059 56.8 4.3 www WWW www 
17 0.0291 0.0023 0.0059 72.6 2.2 • WW www ## w^ 
18 0.0258 0.0028 0.0055 46.7 2.6 
19 0.0231 0.0025 0.0054 44.1 2.2 www 0.0066 2.8 
20 0.0194 0.0027 0.0058 40.3 2.5 www 
21 0.0169 0.0027 0.0054 33.4 2.6 
22 0.0131 0.0033 0.0053 24.3 3.8 www 
23 0.0094 0.0008 0.0022 30.9 0.8 
24 
25 
0.0032 0.0008 0.0022 24.9 2.4 WW- www www www 
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Derivations of Equations 
1. Branch Mechanism 
Assume the relations 
(la) (TBP.3HNO3) = C330O A3300 
(lb) (TBP.2HN03) = C^qq A^^qq 
where the bracketed quantities are concentrations, the A^oo and A^^qû 
are absorbances measured at 3100 cm-1 and 3300 cm-1 respectively, and 
the C's are constants. Then by taking the ratio of these two quantities 
one obtains 
A3IOO 
(1c) fTBP*2HH0J = B [TBP-3HNO^ A3300 
where B is also a constant. Now assuming complexes form of l/l, 2/1, and 
3/1 HNO^/TBP stiochiometries and writing nitric acid and TBP material 
balances, with HNO^ Cj ^p the total concentrations of nitric acid 
and TBP respectively, one obtains 
(Id) 2 [TBP.2HNO3] + 3 [TBP.3HNO3] = CX| HNq3- {HNO3]- [jBP.HNO^ 
(le) (tBP'HNC^"] = CTf TBP - [tBP»2HN0^J- [TBP'3HN0  ^
where the latter equation assumes quantitative formation of the l/l 
complex and is good for the region past a CTjHNC^/Ct, TBP m°le ratio of 
l/l. Solving Equations lc, Id, and le simultaneously, one obtains the 
following expressions for the concentrations of the various species 
present in terms of gjjçy CT^  ^p, (HNO3), A3100, A33QQ, and Bs 
247 
(V-SDIO,! = /°T' ™°3 " 'T. ®P " 0™°3] 
/B ^0 + 2 j 
X V ^300 / 
(lg) flBP.2HN03] = / °T, H»,- - °T. IBP - W 
b a 
B A 3100 
a3300 
3100 
+ 2| I a33oo 
(lh) jjTBP.HN03] = CTi TBP _ [jBP*2HN0^J - ^TBP'3HN0^j 
the concentration of the species [hNO J^ can be obtained from the absorb­
ance at 3480 cm"1 by the following relation : 
(li) £hN03J = » A^q \ 
a^T, 3480' 
where A<j^ 5450 is the absorbance at the nitric acid concentration when 
no TBP is present in the solution. If B is then assumed equal to unity, 
one can then calculate equilibrium constants for complex reactions 
from the expressions 
(lj) (tBP«2HN0 "j 
Kg = ^ 
[tbp»hno3] £hno3"] 
(lk) fTBP'3HN0ol 
K3 = 
£TBP-2HN03 J [HN03*] 
248 
2. Chain Mechanism 
If instead of Equation la, one assumes the relation 
(2a) [TBP*2HN03*] + = C3100 A^oo 
and carries out the same derivation as above, one obtains the following 
expressions for the concentrations of the complexed species in solution 
instead Equations If and lg. 
(2b) riBP.3HN03l , h' ' CT- IBP ' M 
( /B ^  + l) 
\ A3300 I 
CT, HN03 - CTM TBP ~ LF03] \ ZB A3100 (2c) jjBP.2HN0£| 
/B bm + A 
a33O0 ' 
-11 
A3300 
The equilibrium constants Kg and can then be calculated as before using 
Equations Ij and lk. 
3. HNCy Association Mechanism Plus a 2/l Complex 
If the existence of a l/l and a 2/l HNO^/TBP complex is postulated 
along with a dimerization mechanism for the nitric acid the following 
relations are applicable; 
(3a) jTBP*2HN0^) = C3100 ^3100 
(3b) BHN°3)23 = c33oo A3300 
(3c) 2 [TBP.2HN0J + 2 [(HN03)J = C^Oy _ (TBP.HNO  ^
(3d) [TBP.HNO3] =+ CT$ TBP - [TBP.2HN03] 
249 
The expressions for the concentrations of the complexed species then be­
come 
Oe) [CHNO.U = °I- m°3 ' Cl- ™ ' K] 
f B ^ ! + 2 )  
a3300 / 
(3f) JTBP'2HNOj] = °T. MQ3 - CT, TBPZ - M 
rhi06 • 2 ) 
B A3ioo 
a3300 
a33O0 
and all the equilibrium constants can be calculated as before using 
Equations Ij for Kg and the expression 
(3g) kd = [dao3)zl 
for the dimerization constant. - • 
4. Dimerization Mechanism 
If only a l/l HNO^/TBP complex is assumed, along with dimerization 
of the acid the following equations apply: 
(4a) £jBP.HN03] = CTf wp 
(4b) 2 [(HN03)2J = CT> gag _ (tBP*HN03] _ [WO^J 
The equilibrium constant Kg can then be calculated from Equation 3g. 
